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This dissertation focuses on the design, fabrication, evaluation, and application 
of a centrifugal force-based fluidic system based on macro and micro scale 
engineering disciplines. Unlike other fluid control forces including electrical 
force, compression force, magnetic force, etc., centrifugal force is capable of 
manipulating fluids ranging from macro- to micro-scales with high efficiencies 
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regardless of fluid properties. Accordingly, centrifugal force has been 
extensively used for a great number of biomedical applications.  
However, the design optimization of such centrifugal force-based fluidic 
system for practical use is still under investigation due to the inadequate 
integrating technique, especially for clinical settings, and the strong 
dependency on geometric designs within spatially varying three different 
rotational forces (centrifugal, Coriolis, and Euler forces) to precisely regulate 
the flow of the fluid. Therefore, this dissertation aims to develop a centrifugal 
force-based fluidic system appropriate for either clinical or biological research 
environment based on thorough investigations of the fluid flow, the 
environments created by the rotational forces, and the geometric designs of the 
system at both the macro- and micro-scale.  
The macro-scale study involves the evaluation of design strategies for 
developing a smart all-in-one cardiopulmonary circulatory support device 
(CCSD) applicable to diverse clinical environments (emergency room (ER), 
intensive care unit (ICU), operation room (OR), etc.) (Chapter 2, Section 2.1), 
the evaluation of hemolytic characteristics of centrifugal blood pump (Chapter 
2, Section 2.2), and the evaluation of drug sequestration (Chapter 2, Section 2.3) 
in CCSD component. Smart all-in-one CCSD equipped with a qualified low 
hemolytic centrifugal blood pump developed in this study resulted in low 
hemolysis with a free plasma hemoglobin level far less than 50 mg/dL, and an 
oxygenator membrane made of polyurethane fibers was turned out to be 
especially susceptible to the analgesic drug loss (41.8%). The micro-scale study 
involves the numerical evaluation of the Coriolis effects on fluid flow inside a 
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rotating microchannel (Chapter 3, Section 3.1), the feasibility study for the 
development of a centrifugal microfluidic-based viscometer (Chapter 3, 
Section 3.2), the evaluation of hypergravity-induced spheroid formation 
(Chapter 3, Section 3.3), and the cellular adaptation study to hypergravity 
conditions using human adipose derived stem cell (hASC) and human lung 
fibroblast (MRC-5) (Chapter 3, 3.4). Application studies performed under 
fundamental understanding of the microfluidic flows in rotating platform 
demonstrated new potential uses for centrifugal microfluidic technologies 
especially for cell research, revealing that hypergravity conditions can be an 
important environmental cues affecting cellular interactions. 
Through evaluating various types of centrifugal force-based fluidic system 
designs for both practical applications and bench-scale experiments, 
considerable potential of centrifugal force-based fluidic system for introducing 
new paradigms in the development of medical devices and biomedical research 
has been demonstrated. The unprecedented integration technique to further 
miniaturize and improve usability of the centrifugal force-based system might 
facilitate product innovations, fostering its wide acceptance in the future 
(Chapter 4).  
Keywords : centrifugal force, fluid manipulation, cardiopulmonary 
support system, centrifugal microfluidics, product design and 
development 
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1.1. Centrifugal force 
The motion of an object can only be described in respect to others. Therefore, 
descriptions for the object status can differ by coordinate systems, which is 
called frame of reference.  
In rotating system, there is only one force that exists in real: centripetal 
force directed toward the center of a circular path, preventing the object from 
leaving the path and keeping it in a circular motion. It is the force that can be 
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perceived in an inertial reference frame. However, the forces that govern the 
motion of the object in the rotating system is three fictitious forces that exist 
only in the rotating reference frame and do not exist in others. Centrifugal force 
(fω) is one of the three fictitious rotating forces including Coriolis force (fC) and 
Euler force (fE) that apparently act on the object in the rotating reference frame. 
According to equations for the three rotating forces, the force vectors are 
determined by angular velocity ( wuuur ), rate of angular velocity ( ddt
wuuur ), position of 
the object from the center (r), velocity of the object ( uuur ), and mass of the object 
(m). The Coriolis force and Euler force are perpendicular in respect to the 
centrifugal force which is radially outward (Fig. 1.1.1).  
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1.2. Centrifugal force-based biomedical system 
Centrifugal force has been utilized for developing various biomedical systems 
both in macro- and micro scale. Pressure difference created by centrifugal force 
determines motion of the fluid. Therefore, centrifugal force-based biomedical 
systems are generally involved in fluid manipulation.  
Macro system includes left ventricular assist device (LVAD), right 
ventricular assist device (RVAD), biventricular assist device (BIVAD), 
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extracorporeal membrane oxygenation (ECMO), and cardiopulmonary bypass 
(CPB) which all can include a centrifugal blood pump for assisting blood 
perfusion throughout the human body. All of these systems belong to a 
cardiopulmonary support system as their clinical role is to take functions of 
heart and lung artificially.  
Micro system includes assays for nucleic acid analysis, blood analysis, 
immunoassay, etc. by utilizing diverse fluidic manipulation strategies such as 
mixing, valving, flow switching, metering, and sequential loading [1]. 
Therefore, two primary efforts have been made in centrifugal microfluidic 
biochips; to develop or improve strategies for each functional unit and to 
develop integrated systems aiming at certain biomedical applications or 
diagnosis.  
Both macro and micro centrifugal force-based fluidic systems pursuit 
miniaturization to develop even smaller and more portable system without any 
functional deficit. 
 
1.2.1. Cardiopulmonary support system: Macro-scale 
Historically, cardiopulmonary support system, which was used to be called 
heart-lung machine in the past, was firstly constructed by physiologist 
Maximillian von Frey in 1885, but not feasible until discovery of heparin in 
1916. In 1953, Jone Heysham Gibbon was the first surgeon succeeded in open 
heart surgery utilizing the heart-lung machine [2]. However, it has not been 
long since centrifugal blood pump became preferable to the use of other 
pumping devices in cardiopulmonary support system for the blood transfusion. 
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Roller pump, which processes fluid by compressing the tubing with a number 
of rollers as a rotor rotates, was the most commonly used until the centrifugal 
pump from BioMedicus came out in 1978. Superiority of centrifugal blood 
pump over roller pump has been proved in several pediatric studies [3] but in 
adult studies it is still controversial [4, 5]. However, recently, use of the 
centrifugal blood pumps in adult ECMO system is in fact considerably 
increasing.  
Design optimization in terms of size, endurance, efficiency, antitraumatic 
feature, antithrombogenic feature, and biocompatibility is essentially important 
in the development of centrifugal blood pump. However, the optimization that 
allows the product to have both high performance and low hemolytic 
characteristics is very challenging since design parameters conflict to each 
other [6]. For example, small gap sizes between housing and impeller improves 
pump hydraulic performance while more susceptible to damage blood cells [7, 
8]. Impeller size and vane designs (e.g. curved vs straight) also affects pump 
performance and its hemolytic characteristics [9, 10]. Coupling between motor 
and the pump head is also a critical issue in order to prevent from blood leakage 
and thrombosis issue. Magnetic suspension techniques have been applied to 
eliminate such problems, but shaft, bearings, and seals which can accompany 
durability and hemolysis issue due to constant exposure to mechanical wear and 
shear stress were incorporated in many of earlier designs since fully suspending 
the rotating impeller and stabilizing it without any mechanical support are 
greatly challenging as it involves complex control mechanism [11]. Great 
advances have been made until now and commercial products currently 
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available for clinical use minimizes friction and the risk of hemolysis by 
utilizing pivot bearing [12, 13] or by even realizing bearingless pump [14]. 
Integrating technique for developing compact and portable 
cardiopulmonary support system is being increasingly emphasized especially 
for the use in emergency and intensive care unit (ICU) environment. 
Miniaturization is essentially helpful not only for patient cohort from distal 
areas but also for safe interhospital transport during the support [15]. Moreover, 
recent cases of awake ECMO as bridge to either recovery or transplantation 
further reveal the importance of ambulatory and miniaturized system [16, 17].  
  
1.2.2. Centrifugal microfluidic biochip: Micro-scale 
The history of centrifugal microfluidic technologies began in 1960s with the 
development of centrifugal chemical analyzer by N. Anderson. Rotating disks 
were designed to contain channels and optical cuvettes at the outer edge for 
allowing propulsion of the loaded reagent by centrifugal force and its chemical 
reactions at the cuvette as the disk rotates. The analyzer has further advanced 
by incorporating optical technologies to measure light absorbance or 
transmittance of the reacted reagent, opening new paradigms in centrifugal 
microfluidics for clinical use. Its evolution has been continued and 
commercialization efforts by several business groups started to appear. In 1989, 
Abaxis Inc. began to develop the centrifugal analyzer for blood analyte analysis 
and introduced Piccolo rotor system that integrates all necessary sample 
processing steps for the analyte analysis in 1995. The startup company in US, 
Gamera, introduced further advanced model with microfabrication technique 
６ 
 
and demonstrated new possibilities for the application in drug development. In 
2000s, new designs for disk-based immunoassay microarrays, protein arrays, 
and nucleic acid analysis arrays were introduced by several research groups and 
companies including Gyro AB, Quadraspec, Burstein Technologies, and 
Advanced Array Technology [18]. 
Such biomedical applications are basically an integration of each 
functional unit implemented in rotating platform such as mixing, valving, flow 
switching, metering, and sequential loading. Therefore, advances in biomedical 
applications were able to be achieved based on those in each functional unit 
development. Strategies for the implementation can be classified into two ways; 
passive and active. Passive control is based on intrinsic forces governed by 
channel geometries, fluid properties, and rotational forces while active control 
is by implementing external regulating mechanism such as using magnetic 
beads for effective mixing [19], electrochemical method for cell capture [20], 
and laser-actuated ferrowax for fluid routing [21]. The active control can result 
in more reliable manipulation compared to the passive control, but more 
complexities on device. Therefore, it is important to use passive and active 
control simultaneously for effective management based on fundamental forces 
acting on the centrifugal microfluidic platform, governing fluidic behaviors. 
There are three other forces; viscous ( viPD ), capillary ( caPD ), and fluidic 
inertia force ( inPD ), that work with rotating forces [Eq. (1.1.1), Eq. (1.1.2), and 




vi hydP R QD = -  (1.2.1) 
 
caP skD =  (1.2.2) 
 
inP arD = l  (1.2.3) 
where hydR is the hydraulic resistance, Q is the volumetric flow rate, s is the 
surface tension of the fluid, k is the curvature of the fluid, r is the density of 
the fluid, l is the channel length, and a is the acceleration of the fluid. For 
convenience, centrifugal force shown as vector form in Eq. (1.1.1) usually 
expressed in differential pressures together with the forces shown in Eq. (1.2.1)-
(1.2.3) as the following [22].  
 2 2 2
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( )2ceP r rrwD = -  
(1.2.4) 
where 1r is the inner radial point, and 2r is the outer radial point of the liquid 
column. 
Biomedical applications of centrifugal microfluidic platform are being 
continually expanded such as circulating tumor cell (CTC) isolation [23], blood 
plasma quantification in protein level [24] , droplet generation platform [25], 
dengue virus (DV) detection [26], etc., which are all successfully implemented 
based on systematic integration of functional units. However, as versatility of 
the system is getting improved, the importance of miniaturization is getting 
more emphasized while retaining major advantages of centrifugal microfluidic 




1.3.  Research Aims 
Research aim of this dissertation is to develop centrifugal force-based fluidic 
systems in macro- and micro-scales appropriate for clinical or experimental 
settings and to investigate their new biomedical applications. Both macro- and 
micro-scale systems described in this study involve product development 
processes including design, unit operating module development, mock-up 
production, system integration, and manufacturing. The main purpose of the 
macro-scale study is to develop a low hemolytic smart all-in-one CCSD that is 
capable of stably preserving its clinical effectiveness and the main purpose of 
the micro-scale study is to investigate new potential uses for centrifugal 







Fig. 1.1.1 The three governing fictitious forces in non-uniformly rotating; 









Macro-scale centrifugal-fluidic system for 
biomedical application  
 
2.1 Development of a smart all-in-one cardiopulmonary 
circulatory support device [27] 
Cardiopulmonary circulatory support device (CCSD) is composed of cannula, 
tubing, centrifugal pump head, control system, and oxygenator. However, the 
system becomes bulky and complex while integrating these components, 
１１ 
 
leading to difficulties in use for diverse clinical environment including 
emergency room (ER), operation room (OR), intensive care unit (ICU), etc. 
Accordingly, this study aimed at developing a portable and cost-effective smart 
all-in-one CCSD that is capable of interactively and autonomously operating in 
accord with various indications of patients. By integrating all necessary 
components including core sensor modules for monitoring patient status into 
one single device, prototypes of smart all-in-one CCSD with preliminary 
performance result of pump driver and control unit on a mock circulation loop 
were presented.  
 
2.1.1 Introduction 
Since H1N1 Influenza virus swept the whole world in 2009, extracorporeal 
membrane oxygenation (ECMO) care, which is one of the representative model 
of CCSD, has received great attention by discovering high survival benefits 
with ECMO use for patients suffering from severe respiratory failure.     
ECMO system requires a number of sensors and control systems in order 
to monitor physiological conditions that could vary by patients [28]. Therefore, 
portability and versatility of the system is very important to appropriately use 
in the intensive care unit (ICU) environment by achieving compactness of the 
system and to accommodate different clinical situations. However, most 
CCSDs currently available in market are highly expensive, bulky, and 
complicated to use. Accordingly, this study aimed to develop a portable and 
cost-effective smart all-in-one CCSD that is capable of interactively and 
autonomously operating in accord with various indications of patients (e.g. 
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heart failure and lung failure). Maintaining appropriate temperature and flow 
rate without bubble is a key to successful treatment. Here, blood clotting inside 
the CCSD circuit and patients’ coagulation status are the influential factors, 
which can be shown by a variation of pressure gradient across the pump or 
oxygenator. Core sensor modules for monitoring these necessary indications 
were integrated into a one single portable system throughout conceptual design, 
rapid prototyping, and the performance test based on mock circulation loop. 
Functional prototypes of the smart a ll-in-one CCSD were built and further 
optimized through in-vivo as well as in-vitro evaluations. In this study, 
procedures for product development to achieve clinical approval and ultimately 
to commercialize the product were presented.  
 
2.1.2 Materials and Methods 
Core sensor module preparation 
Core sensor modules for smart all-in-one CCSD including brushless DC motor 
(EC-i40 70W + ENX16EASY, Maxon Motor, Sachseln, Switzerland) with its 
driving unit (mmc ESCON 50/5, Maxon Motor, Sachseln, Switzerland), clamp-
on type ultrasonic flow meter (Jain Technology Co., Ltd, Korea), bubble sensor 
(ABD06-L, NY, USA), temperature sensor (DTPML-SPI-81, DWELLSHOP, 
Korea), thrombosis sensor, pressure sensor (HSCDANT030PDSA5, 
Honeywell Inc., Indiana, USA), Switched-Mode Power Supply (RT-50, Mean 
Well, Taiwon), Li-polymer battery (MS98106-10A6S1P, MS-TEK, Suwon, 
Korea), emergency driving unit, and touch user interface (IEC1000Lite-08, 
HNS, Korea), were prepared (Fig. 2.1.1).  
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For noninvasive flowmeter, two versions of the flowmeter based on transit 
time technique were developed, one with V-method in which two transducers 
are mounted on the same side and the other with X-method in which four 
transducers are mounted, two on the top and the other two at the bottom by 
cooperating with Korean business group of Jain Technology Co., Ltd (Fig. 
2.1.2). Performance evaluation for the developed clamp-on type ultrasonic 
flowmeter included measurement of flow and response time at different 
rotational speed of centrifugal pump. Gold standard data were determined to be 
weight changes of reservoir according to time as water flows into it. 
Comparison test with one of the most widely used ultrasonic clamp-on type 
flowmeter composed of the sensor probe, 9PXL, and its console, TS410, 
supplied by Transonic Systems Inc was also carried out. 
 
System integration 
Printed circuit board (PCB) that includes Micro Controller Unit (MCU) for 
collecting data from each sensor by serial communication was developed. 
Collected data were then displayed on the user interface for monitoring. To 
evaluate feasibility of the product concepts, computer assisted design (CAD) 
programs (e.g. Rhino, Inventor, and AutoCAD) were used for visualization. 
Rapid prototyping was then processed by CNC (computer numerical control) 
laser cutter or 3D printers for design verification. Throughout a number of the 
evaluation, functional prototypes were manufactured for in-vivo as well as in-




Mock circulation loop 
A mock circulation loop that comprises a mechanical valve for resistance 
control, turbine flowmeter for performance evaluation of the developed clamp-
on type ultrasonic flowmeter, and two acrylic chambers; one for filling and 
drining the fluid and the other for compliance control with air pump (Fig. 
2.1.3A) was built. In-vitro evaluation of the pump was conducted using the 
mock circulation loop by creating pump performance curve. At defined 
rotational speed ranging from 1000 to 5000 RPM, pressure differences between 
inlet and outlet, referred as pressure head, were measured according to the flow 
rate regulated by resistance valve (Fig. 2.1.3B).  
 
2.1.3 Results and Discussion 
Pump performance curve that shows the range of possible operating condition 
was successfully created for the developed pump head by using the mock 
circulation loop. Resulted curve well matched with the simulation results. The 
curve demonstrates the validity of the pump for ECMO and VAD use as it is 
capable of generating necessary amount of volumetric flow rate at pressure 
head required for each condition (Fig. 2.1.3B). With the pump driver, the pump 
performance curve for Capiox SP centrifugal Pump (Terumo Inc, Osaka, Japan)  
was also able to be reproduced as similar to its real specification. 
As a result of the performance evaluation of the developed clamp-on type 
ultrasonic flowmeter, X-method further improved accuracy of the measurement 
compared to V-method. Average error significantly reduced from 0.768 L/min 
with V-method to 0.154 L/min with X-method, achieving high quality of the 
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performance comparable to that of commercial product, Transonic and 
NovaFlow ultrasonic flowmeter (Fig. 2.1.4).  
Based on the performance test, the product features in terms of casing size, 
weight, sensor arrangement, user friendliness, etc. were further optimized (Fig. 
2.1.5) and finally upgraded to Ver 3 where all sensors were connected by 
circular connectors to protect internal electrical parts (Fig. 2.1.6).  
 
2.1.4 Conclusion 
With further improvements by focusing more on the clinician-oriented usability, 
an effort to develop smart all-in-one CCSD described here is believed to make 
a success in the medical market shortly. Particularly for the domestic effort to 
open up a market for medical ultrasonic flowmeter would bring positive effects 
to the development of medical technology. Under all these efforts, smart all-in-
one CCSD would be constantly upgraded, aiming at the first clinical trial in 
2018 with this smart all-in-one CCSD by achieving medical device approval 





















Fig. 2.1.1 Core sensor modules for SACSS 
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Fig. 2.1.2 (A) A converter with a patented algorithm that identifies optimal 
frequency automatically which significantly varies by the surrounding 
environment. (B) V-method flowmeter (C) X-method flowmeter. 
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Fig. 2.1.3 (A) Mock circulation loop (B) Pump performance curve created 




Fig. 2.1.4 In-vitro evaluation of the developed clamp-on type ultrasonic 


















Fig. 2.1.5 Upgrade of the integrated system. Bottom figure shows details of 







Fig. 2.1.6 Ver 3 integrated system 
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2.2 Evaluation of hemolytic characteristics of centrifugal 
blood pump [29] 
Development of a low hemolytic centrifugal blood pump is a key for providing 
undamaged blood to patients during cardiopulmonary support. Hemolytic 
characteristics of the pump depend on its design, materials, and manufacturing 
processes. Design and manufacturing optimizations encompass very 
challenging problems to achieve low levels of hemolysis. In this study, 
hemolytic characteristics of multiple types of centrifugal blood pumps designed 
based on computational fluid dynamics (CFD) simulation study were evaluated. 
Hemolysis test was performed in accordance with American Society of Testing 
and Materials (ASTM) standards by preparing a circulation loop consisting of 
blood bag, polyvinyl chloride medical tubing, flowmeter, clamp, pressure 
sensors, water bath, and thermometer. 450 mL or 500 mL of fresh blood 
obtained from normal swine was circulated for 6 hours with a flowrate of 5 
L/min at a pressure of 100 mmHg. Normalized indices of hemolysis (NIH) was 
determined by measuring free hemoglobin in plasma every hour. By 
incorporating pivot bearing, NIH value less than 0.005 g/100L which was 
comparable to that of commercial product was able to be stably achieved. 
Developed prototypes for the centrifugal blood pump were also integrated to 
the smart all-in-one CCSD for in-vivo evaluation and the pivot bearing-based 
centrifugal blood pump resulted in low free plasma hemoglobin (freeHGB) 
measurement during 6 hours of operation comparable to that resulted from the 




Design of a centrifugal blood pump is an important determinant of its hemolytic 
characteristics. A number of influential factors are involved in the design criteria 
such as size, endurance, pump efficiency, antitraumatic feature, antithrombogenic 
feature, and biocompatibility. However, satisfying all these factors are extremely 
challenging since they are often opposing to each other (Fig. 2.2.1), requiring 
design optimization.  
Centrifugal blood pump is composed of rotating impeller and housing. In 
order to rotate impeller without blood leakage, complete isolation of the rotating 
impeller from an exterior is primarily required. Therefore techniques for fully 
levitating impeller has been of great interest. However, such techniques involve 
complex control mechanism regulating six degrees of freedom in three dimensional 
space, forward/backward, up/down, left/right, pitch, yaw, and roll, making 
extremely difficult for precise control which would also certainly affect pump 
performance [30].  
In the past, ball bearing that is able to rigidly and stably support shaft of the 
impeller and assist its rotation has been often used in centrifugal blood pump, but 
sealing between the shaft and the bearing was always an issue to prevent blood 
leakage. Ball bearing is composed of inner and outer frames arranged 
concentrically with one frame fixed and the other rotating. Small balls are placed 
between these two frames and freely rotates as the frame that grasp the shaft rotates. 
If such bearing is not completely sealed, blood would leak inside the ball bearing 
and may rupture blood cells, causing severe hemolysis. The sealing material (e.g. 
lip seal) would also eventually wear out [31]. Moreover, blood leaked inside the 
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bearing would result in blood clots. Therefore, seal-less design is associated with 
antithrombogenic as well as antitraumatic feature. One of the most representative 
model for centrifugal blood pumps based on ball bearing currently available in 
market is Capiox SP centrifugal pump (Terumo Inc.) 
To minimize contact surfaces and eliminate sealing problem, single or double 
pivot bearing became more prevalent in centrifugal blood pump design. Pivot 
bearing is cylindrical bearing with pointed tip at the end, supporting axial load. 
With pivot bearing, impeller can be rotated without the leakage issue, but the 
contact area between the tip and the housing can still be the source of hemolysis if 
the blood cells squeeze into the gap.   
Impeller vane design is another influential factor for pump performance and 
hemolysis. Number of vanes, vane angle, thread depth, shroud or open design, etc. 
are the antitraumatic feature [6]. Large number of vanes turned out to improve 
pump performance by creating large pressure gradient and have no significant 
effects on hemolysis [32]. Comparing 0 and 180 degree curved vanes, the latter 
turned out to create higher flow [33]. Deeper threads also resulted in best pumping 
performance [10]. 
Small priming volume and biocompatibility is also an important issue in the 
development of centrifugal blood pump. Low hemolysis can be expected with the 
smaller priming volume by reducing blood exposure to exterior components and 
therefore reducing external influences such as heating, mechanical friction, and 
thrombosis [34]. 
Gap size, surface polishing, and housing design are also related to 
antitraumatic features and need to be optimized to retain pump performance. For 
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example, large gaps between impeller and housing provide good surface washing 
and reduce shear stress, therefore result in low hemolysis, but lower pump 
efficiency [7, 8, 35]. Surface roughness should be also considered and 0.2mm Ra 
turned out to be sufficient to provide very low levels of hemolysis [36]. For housing 
design, effects of different inlet or outlet angle or the number of outlets has been 
examined, but no different hydrodynamic performance was found [33]. Instead, 
eccentric inlet turned out to be appropriate design for implantation by securing 
compactness [37]. Even though there is no distinct effects known for increased 
number of outlets, current design of centrifugal blood pump integrated to 
Cardiohelp system (Maquet Inc., Germany) has four outlets.  
Depending on pump designs, flow characteristics vary and it is important to 
eliminate regions that create turbulent flow because shear stress generated by 
turbulent flow is known to be a major source that causes severe hemolysis. 
Therefore, hemolysis level can be predicted by analyzing shear stress generated in 
different pump designs. The magnitude of shear stress and exposure time have been 
reported to be the main factors that determine the levels of hemolysis. Accordingly, 
threshold level of shear stress that causes red blood cell damage has been 
extensively explored in previous literatures [38], suggesting that such threshold 
shear stress level that causes blood cell damage need to be carefully defined to 
precisely predict hemolysis by Computational Fluidic Dynamics (CFD) simulation. 
In this study, multiple types of centrifugal blood pump based on CFD 
simulation were developed. By varying bearing type, priming volume, impeller 
angle, washing hole size, and volute design, prototypes were fabricated in 
polycarbonate by Computer Numerical Control (CNC) machining. In addition to 
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pressure and velocity profile analysis, hemolytic characteristics of the prototypes 
were also predicted by CFD simulation. Prototype designs and simulations were 
conducted by CFDlab in Sogang University (Seoul, Korea). According to 
American Society of Testing and Materials (ASTM) standards, hemolysis test 
for each prototype was carried out to determine the best design for centrifugal 
blood pump.  
 
2.2.2 Materials and Methods 
Prototype design and manufacturing 
Prototypes were manufactured based on two types of bearings, ball bearing and 
double pivot bearing, to develop low hemolytic centrifugal blood pump. CFD 
simulation including velocity and pressure analysis (Fig. 2.2.2) was performed to 
examine commercially available centrifugal blood pump (Table 2.2.1) and to 
compare their numerical results with newly designed prototypes (Prototype 3, 
Prototype 4, Prototype 4.1, and Prototype 3.4).  
Prototype 3, 4, and 4.1 were fabricated with ball bearing and Prototype 3.4 
was with double pivot bearing similarly to CP Affinity (Medtronic, Inc.). All 
prototypes contained shrouded impellers and had six washing holes, while CP 
Affinity contains an open impeller and has an open path for blood at the center 
of the impeller. Prototype 4 and 4.1 had smaller priming volume of 19 mL than 
Prototype 3 which had the priming volume of approximately 23 mL.  
Manufacturing process has been improved to reduce surface roughness (Fig. 
2.2.3). In order to evaluate an effect of the surface roughness resulted by the 
manufacturing process used for the prototypes, CP Affinity was fabricated by the 
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identical manufacturing process to the prototypes.  
Moreover, coated Prototype 3 and non-coated Prototype 3 were prepared by 
dip-coating process to evaluate a coating effects on hemolysis. The coating 
material was the co-polymer MPC (2-methacryloyloxyethyl phosphorylcholine, 
Lipidure® CM 5206, NOF Corp., Tokyo, Japan) and chosen thickness was 1 
μm by conducting dip-coating process ten times [39]. 
 
Hemolysis test 
Hemolysis test was performed in accordance with ASTM standards by 
preparing a circulation loop consisting of blood bag, polyvinyl chloride medical 
tubing, flowmeter, clamp, pressure sensors, water bath, and thermometer. 
450~500 mL of fresh blood obtained from normal swine was circulated for 6 
hours with a flow rate of 5 L/min at a pressure of 100 mmHg, an approval 
criteria for ventricular assist device (VAD) (Fig. 2.2.4). FreeHGB hemoglobin 
was measured every hour to determine normalized indices of hemolysis (NIH) 
by following Eq. (2.2.1)  
 100 10
. . . / 100 100
Ht
N I H g freeHb V Q T
-
= D ´ ´ ´ ´l  (2.2.1) 
where freeHbD  is the increase of plasma free hemoglobin concentration [g/L] 
over the sampling time interval, V  is circuit volume [L], Q  is flow rate 
[L/min], Ht is hematocrit [%], and T  is sampling time interval [min]. 
 
Animal experiment 
For in-vivo evaluation, non-coated Prototype 3 and Affinity NT oxygenator 
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(Medtronic Inc., Annaheim, CA) were incorporated to the functional prototype 
manufactured for the second version (Ver2) shown in Fig. 2.1.5 and it was 
applied to the normal swine model within veno-venous (VV) ECMO mode (Fig. 
2.2.6). Left and right femoral veins were cannulated with either 17 or 19 Fr 
cannula. Venous blood drained from the left femoral vein was oxygenated by 
going through the oxygenator and returned to right femoral vein. Blood 
circulation was constantly assisted by the centrifugal blood pump and the flow 
rate was maintained at 1 to 2 L/min for 6 hours. 1 mL of blood was sampled 
every hour for complete blood count (CBC) and freeHGB measurement. Total 
three experiments were carried out including control group with Medtronic CP 
Affinity and Affinity NT oxygenator. 
Based on the animal experiment with Ver 2 integrated system, prototype 
designs were further modified and improved considering clinical environment 
and user friendliness, producing Ver 3 integrated system (Fig. 2.1.6). Animal 
experiment with a normal swine model by applying veno-arterial (VA) ECMO 
mode was carried out with Ver 3 integrated system (Fig. 2.2.7), but without 
oxygenator in order to evaluate pump performance of Prototype 3.4 only. Using 
15 and 17 Fr cannula, blood was drained from right atrium and returned to 
femoral artery, which would be an injection of opposing flow to blood pumping 
out from left ventricular. Flow rate was maintained at 1.6 to 2 L/min for 6 hours, 
and blood samples were analyzed identically to previous animal experiments. 
Prototype 3.4 was coated with the co-polymer MPC. 
Prototype 3 was sterilized by Ethylene oxide (EO) gas but considering that 
the composing material could be affected by high temperature of about 60 
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Celsius degrees required for EO gas sterilization, Prototype 3.4 integrated in 
Ver 3 integrated system was sterilized by gamma irradiation. 
 
2.2.3 Results and Discussion 
Total four types of prototypes were designed and manufactured: Prototype3, 4, 
4.1 and 3.4. Using these four prototypes, effects of surface roughness, priming 
volume, surface coating, and bearing type on hemolysis were evaluated.  
By improving surface roughness (Fig. 2.2.3), Prototype 3 resulted in NIH 
of 0.003 g/100L which was comparable value to that of commercial product, 
Medtronic CP Affinity (Table. 2.2.2). No critical thrombosis was found for both 
the prototype and the CP Affinity after washing at the end of the experiment. 
In order to further evaluate the effect of surface roughness created by the 
machining process on hemolysis, CP Affinity with the identical machining 
process to the prototypes was fabricated. Shaft for pivot bearing was made of 
either stainless steel or alumina ceramic, and the tip that contacts with housing 
surface was made of SFRA500 (Igus Inc.) approved by the US Food and Drug 
Administration (FDA). NIH value for CP Affinity fabricated by machining 
resulted in 0.003 g/100L which is slightly greater than that for commercial CP 
Affinity. This evaluation suggests that hemolytic characteristics of Prototype 3 
can be further improved to the level of those of commercial CP Affinity with 
injection molding process. 
However, improved surface roughness was not an ultimate solution for 
lowering hemolysis. Promising NIH result acquired with Prototype 3 was not 
reproducible and this Prototype 3 constantly resulted in NIH value greater than 
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0.01 g/100L in later experiments which was an order difference. To resolve this 
problem, priming volume has been further reduced in the next version of 
prototypes from 23 mL for Prototype 3 to 19 mL for Prototype 4 and 4.1. As 
smaller priming volume was allowed for Prototype 4, ball bearing was placed 
outside of housing. Another different feature for Prototype 4 was a slanted 
bottom surface. However, it became venerable to blood leakage outside the 
housing due to the exterior ball bearing. Fabrication of washing holes on the 
slanted surface also raised leakage problem inside the impeller due to the 
limitation by hand making since the washing hole had to be drilled after 
bonding the slanted plate at the bottom of the impeller, creating small gaps 
during the drilling process. Moreover, hemolysis results were not improved 
with Prototype 4. Prototype 4 was then modified to Prototype 4.1 to have ball 
bearing inside and to have flat surface at the bottom of the impeller as Prototype 
3, while smaller priming volume (19 mL) was maintained. However, hemolysis 
results were not again improved. Both Prototype 4 and 4.1 resulted in NIH value 
greater than 0.01 g/100L (Table 2.2.3).  
Expecting that surface coating may further improve hemolytic 
characteristics of the pump, the co-polymer MPC has been applied to Prototype 
3 and 4.1, and repeated the hemolysis test. Coating thickness was 1um. However, 
there was no coating effects probably due to the anticoagulant heparin that is 
already included during blood collecting procedure. Since 0.1 μm thickness is 
also known to be effective, thinner coating after the manufacturing process is 
advance to injected molding process would be applied. The co-polymer MPC 
is hemo-compatible material mainly used for non-thrombogenicity [40].  
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Ball bearing was then thought to be the source of reason creating 
unexpected hemolysis. To solve reproducibility issue that was occurred with 
prototypes having ball bearing (Prototype 3, 4, and 4.1), Prototype 4.1 was further 
modified to Prototype 3.4 to have the priming volume of 23 mL similar to 
Prototype 3 and to have a double pivot bearing as CP Affinity. Prototype 3.4 
resulted in NIH value less than 0.005 g/100L, which is an acceptable standard for 
VAD. Although NIH value for Prototype 3.4 turned out be slightly higher than 
commercial products including Centrimag (Levitronix LLC, Waltham, Mass) [41] 
and CP Affinity, it could be attributed to surface roughness by machining process 
and therefore is fully capable of improvement (Fig. 2.2.5).  
Blood quality was also an important issue. Blood obtained from a normal 
swine that experienced robot surgery for hemolysis test (fifth row in Table 2.2.3) 
resulted in severe hemolysis from initial stage, suggesting that hemolysis results 
can be greatly influenced by blood quality.  
To accurately predict hemolysis in CFD simulation, threshold shear stress 
level needs to be properly determined. Reynolds shear stress was considered in this 
CFD simulation. However, according to a recent literature, turbulent viscous shear 
stress level may need to be considered to further enhance computational model in 
terms of reliable prediction [38] because Reynolds shear stress belongs to macro 
scale and therefore have limitations to predict blood cell damage which should 
belong to micro scale. Hemolysis results are summarized in Table 2.2.3. 
In-vitro evaluations with blood to determine hemolytic characteristics of 
the prototypes were followed by in-vivo evaluation by incorporating prototypes 
to the integrated systems described in section 2.1. Non-coated Prototype 3 was 
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integrated to Ver 2 system and two experiments with the prototype and one 
control experiment with CP Affinity were performed. There was no technical 
problems during the experiments for 6 hours. However, kicking phenomenon 
which is the vibration of cannulated tubing was frequently occurred probably 
due to insufficient drainage volume. With saline injection, kicking phenomenon 
temporarily disappeared and therefore about six bags of saline were used during 
the 6 hours of experiment. The level of freeHGB was also significantly 
increased, incurring severe hemolysis compared to the control group. Kicking 
phenomenon also has been occurred in the control experiment, but only one bag 
of saline was used. Flow was also frequently dropped and such issue got worse 
over time, requiring continuous saline injection, while flow was constantly 
maintained in the control experiment. The hemolysis result from the second 
experiment where heparin was not administrated during the experiment was 
approximately more than twice worse compared to that from the first 
experiment where heparin was administered every hour. Severe coagulation 
was also apparently seen in the second experiment (Table 2.2.4). 
In-vivo evaluation of Prototype 3.4 was conducted by incorporating it with 
Ver 3 integrated system (Fig 2.1.6). With the Prototype 3.4 coated with 
biocompatible co-polymer MPC, hemolysis results were dramatically 
improved without sever coagulation (Fig. 2.2.7). FreeHGB level was 
successfully maintained below 10 mg/dL, which is comparable to the results 
from the commercial product, CP Affinity, where freeHGB greater than 50 
mg/dL is generally assumed to be severe hemolysis [42]. For in-vivo evaluation 
of Prototype 3.4 with Ver 3 integrated system, total two experiments were 
３３ 
 
carried out at the same time but Fig. 2.2.7 shows the best result only. The other 
experimental result turned out to have freeHGB of 29.7 mg/dL at 6 hour which 
is still far less than 50 mg/dL, but blood pressure of the swine continuously 
dropped and even epinephrine administration was not so effective, meaning that 
the swine model was in an abnormal state. In VA mode applied in this animal 
experiment, blood pumping into femoral artery is the opposite direction of the 
blood flow pumping out from left ventricular. Since the normal swine model 
was used here, flow generated by the centrifugal pump equipped in Ver 3 
should be affected by large opposing force. However, Prototype 3.4 
successfully created approximately 2 L/min which is acceptable range in 
ECMO use. In real clinical situation, flow drop for VA mode applied to the 
patient with heart failure is regarded as their heart recovery as it could mean 
opposing flow has strengthened.  
 
2.2.4 Conclusion 
In this study, a low hemolytic centrifugal blood pump was developed by using 
double pivot bearing and minimizing priming volume. Prototype designs were 
continually modified based on CFD simulation and validated by hemolysis test 
conducted in accordance with ASTM standards. Threshold shear stress level 
needs to be carefully considered to properly predict hemolysis with CFD 
simulation. In the hemolysis test, pump design, manufacturing process, and 
blood quality turned out to be important influential factors to develop low 








































Fig. 2.2.2 Computational fluid dynamics (CFD) simulation for velocity and 




















Fig. 2.2.4 Experimental setup for hemolysis test according to American 






















Fig. 2.2.5 Comparison of NIH values among Prototype 3.4 and commercial 









Fig. 2.2.6 In-vivo performance test by applying Ver 2 integrated system to 




Fig. 2.2.7 Ver 3 in-vivo evaluation. Hemolysis level was maintained below 
10 mg/dL for 6 h. freeHGB > 50 mg/dL is assumed to be a sign of severe 










































































































Table 2.2.2 Hemolytic characteristics of Prototype 3 and commercial product, 
Medtronnic CP Affinity 
   
Prototype 3 hemolysis test 
 







Exp1 3000 5 270 500 0.172±0.034 
Exp2 3000 5 270 500 0.102±0.015 
Exp3 2400 5 120 500 0.027±0.002 
Exp4 2200 5 150 500 0.003±0.001 
Exp5 1800 5 104 450 0.005±0.001 
Medtronic CP Affinity hemolysis test 
 







Exp7 2000 5 189 500 0.001±0.001 


























































Table 2.2.4 In-vivo evaluation of the Ver 2 and control group with CP Affinity 
 
  
 Experiment 1 Experiment 2 Control 
 freeHGB [ mg/dL] freeHGB [ mg/dL] freeHGB [ mg/dL] 
0 hour 13.6 9.0 7.5 
1 hour 32.3 22.1 5.5 
2 hour 36.7 32.9 2.4 
3 hour 39.7 45.1 2.6 
4 hour 42.0 52.2 3.8 
5 hour 42.6 57.9 3.8 
6 hour 40.3 91.9 8.3 
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2.3 Evaluation of drug sequestration in the extracorporeal 
membrane oxygenation (ECMO) circuit [43] 
The influence of the elements of the extracorporeal oxygenation (ECMO) 
circuit on drug sequestration was quantified by focusing on the interactions 
between materials and drugs. Tubing of three different brands 
(Tygon/Maquet/Terumo) and oxygenators of two different brands 
(Maquet/Terumo) were used. Drugs included dexmedetomidine, meropenem, 
and heparin which were dissolved in deionized water. Tubing was cut into ~7 
cm sections and allowed drug solutions enclosed inside by clamping both ends. 
The oxygenator housing, gas membrane, and heat exchanger were dissected 
into ~1 g pieces and submerged into drug solutions. The experimental samples 
were then immersed in a water bath at 37°C for 1, 6, 12, and 24 h. After 24 h, 
the dexmedetomidine concentration was significantly reduced in all three types 
of tubing (<30.1%), the oxygenator heat exchanger from Maquet Inc. (41.8%), 
and the gas exchanger from Terumo Inc. (8.6%), while no significant losses 
were found for meropenem and heparin compared to the control group. The 
heparin concentration within the Maquet gas exchanger, on the other hand, 
increased significantly compared to the control group at 1 and 12 h (p<0.05). 




Extracorporeal membrane oxygenation (ECMO) is an essential therapy for 
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patients suffering from acute respiratory or cardiac failure, which supports 
blood oxygenation and circulation for a long period [44, 45]. Therefore, the 
constituents of the ECMO circuit, including the tubing, blood pump, and 
oxygenator, are a vital part of patients’ body during the treatment by engaging 
in their complex physiological processes. A major complication of ECMO 
treatment is significant changes in pharmacokinetics of drugs injected into the 
patients for antibiosis, sedation, analgesia, or anticoagulation, which frequently 
leads to therapeutic failure due to drug sequestration in the ECMO circuit [46].  
Because the physiological conditions, materials of the ECMO circuit, and 
drug characteristics differ among patients, products, and drugs, respectively, 
such drug sequestration is likely associated with several conditioning factors. 
Potential determinants of the altered pharmacokinetics revealed by previous 
studies include molecular size, degree of ionization [47], lipophilicity [48], 
plasma protein binding [49], type of priming solution [50], and type of pump 
or oxygenator [51]. However, the responsible factor is unclear, likely due to 
improperly controlled experiments.  
For example, although materials used to manufacture each component of 
the ECMO circuit and those for surface coating vary among products, most 
previous studies involved ex-vivo experiments using an entire ECMO circuit 
[52] rather than focusing on individual components of the circuit. Therefore, 
these studies failed to identify out the constituents with the greatest influence 
on drug sequestration.  
This study aimed to quantify the influences of each circuit element on drug 
sequestration by focusing on the interactions between materials and drugs. 
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Deionized water was used as the base solution for dissolving each drug to 
minimize other influential sources related to ionic reactions. The drugs used in 
this in vitro study were the antibiotic meropenem, analgesic dexmedetomidine 
and anticoagulant heparin. 
 
2.3.2 Materials and Methods 
ECMO circuit materials and components 
The ECMO circuit components that are in contact with circulating blood are 
the tubing, pump housing, impeller, connector, gas exchanger, heat exchanger 
and oxygenator housing. Because the pump housing, impeller, connector, and 
oxygenator housing are made of polycarbonate (PC), the materials that need to 
be assessed for drug loss are the tubing, gas exchanger, heat exchanger, and 
oxygenator housing. Accordingly, a total of 132 samples including the controls 
for drug loss at 22°C (R) and at 37°C (C) were analyzed for each drug at 1, 6, 
12, and 24 h. Regarding tubing, Tygon S-50-HL Medical tubing (T), Maquet 
Bioline-coated tubing (B), and Terumo X-coated tubing (X), were evaluated. 
The Quadrox PLS and Capiox RX oxygenators were disassembled into a gas 
exchanger, heat exchanger, and housing. The Maquet Quadrox PLS oxygenator 
is composed of polymethylpentene (PMP) microporous fibers for gas exchange 
(MaG), polyurethane (PU) fibers for heat exchange by water flow (MaW), and 
a polycarbonate (PC) housing (MaH), all of which have a Bioline coating. The 
Terumo Capiox RX oxygenator is composed of polypropylene (PP) 
microporous fibers for gas exchange (TeG), a stainless steel heat exchanger 
(TeW), and PC housing (TeH), all of which have an Xcoating. The Maquet and 
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Capiox ECMO circuits are adult-sized (Fig. 2.3.1). 
 
Circuit sample preparation 
Disassembled components of oxygenators (MaG, MaW, MaH, TeG, TeW and 
TeH) were dissected into ~1 g sections. Because circulating blood contacts only 
the inside of the tubing, the tubing was cut into ~7 cm sections in order to 
enclose ~3.5 mL of drug solution by clamping both sides. All ECMO circuit 
components (T, B, X, MaG, MaW, MaH, TeG, TeW and TeH) were then 
sterilized by ethylene oxide (EO) gas (Fig. 2.3.2A).  
 
Drug solution preparation 
Drugs were dissolved in deionized (DI) water to minimize ionic effects on the 
drug loss. Drug solutions with initial concentrations of 0.0075 µg/mL, 0.015  
mg/mL and 1 U/mL for dexmedetomidin (Sigma-Aldrich, Cat. No. SML0956), 
meropenem (Sigma-Aldrich, Cat. No. M2574), and heparin (Sigma-Aldrich, 
Cat. No. H5515) respectively were prepared in a 1000 mL volume. Initial 
concentrations of all drugs were chosen based on the actual dose used for 
ECMO treatment of adults [48]. Because that meropenem is soluble in 
methanol, high concentrated meropenem solutions in <1 mL methanol was first 
prepared, and then diluted with DI water to 1000 mL. A heparin concentration 
of 1 U/mL was used based on the amount of initial bolus injection (50-100 U/kg 
body) specified in the Extracorporeal Life Support Organization (ELSO) 
criteria assuming that the average weight and blood volume of an adult human 





For each drug, four groups of 11 samples (R, C, T, B, X, MaG, MaW, MaH, 
TeG, TeW and TeH) were prepared for evaluation of drug loss at four time 
points. Each sterilized oxygenator component was placed in a 30 mL amber 
glass bottle, to which was added 25 mL of the drug solution. Two control 
groups, R and C, were also prepared by introducing 25 mL of the drug solution 
into 30 mL amber glass bottles that did not contain materials. Each sterilized 
section of tubing was filled with 3.5 mL of the drug solution by clamping both 
sides. Four groups of 10 samples, excluding the control group R, were placed 
in a water bath maintained at 37°C with agitation at 30 RPM (Fig. 2.3.2B), 
while the four control groups (R) remained at room temperature (22°C). 
At 1, 6, 12, and 24 h, samples were withdrawn from the water bath and 
aliquots of the drug solutions were collected into screw-cap freeze vials and 
stored at -80°C prior to analysis. Three identical experiments were carried out 
for each drug. 
 
Measurement of drug concentrations 
Concentrations of dexmedetomidine and meropenem in samples were 
determined by liquid chromatography-tandem mass spectrometry (LC-
MS/MS), and those of heparin in samples were determined using an analytical 
procedure described previously [53]. A UV-1800 UV-VIS spectrophotometer 






The amount of remaining drugs is described as a percentage. Student’s two 
sample t-test, which is appropriate for use with small sample sizes (N≤5) so 
long as the effect size is large (D>0.8) [54], was conducted to assess differences 
between the control group C and other samples at each time point using 
MATLAB (The Mathworks, Inc., Natick, MA, USA) “ttest2” function. To 
apply variance type for the two-sample t-test, homogeneity of variances was 
tested using SPSS 17.0 for Windows (SPSS, Inc., Chicago, IL, USA). Statistical 
analyses were performed at the 0.05 significance level. 
 
2.3.3 Results 
Concentration of dexmedetomidine was significantly reduced in all three types 
of tubing (T, B, and X) compared to the control group C. Among the three, B 
exerted the greatest influence on drug adsorption, and exhibited a significant 
20% loss at 1 h to 30% loss at 24 h. T also showed significant loss from 12 h 
and X from 6 h (Fig. 2.3.3). Among the oxygenator samples, MaW showed 
significant loss from 6 h and 42% was lost at 24 h. TeG, which is stainless steel, 
also showed significant loss at 24 h (Fig. 2.3.3 and Table 2.3.1). 
Meropenem exhibited no significant loss compared to the control group C, 
which also showed decreasing concentration over time (12% loss at 24 h) (Fig. 
2.3.3). However, the meropenem solution that remained at room temperature 
(R) did not exhibit such instability, suggesting temperature to be the cause of 
the drug loss. A previous study in ECMO circuits also demonstrated chemically 
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unstable characteristics of meropenem in blood, showing an 80% loss in the 
experimental group and 58% loss in the control group, which remained at 37°C 
[48]. Compared to the control group R, however, all three types of tubing (20% 
loss for T, 9% for B and X), MaW (9% loss), MaH (11% loss), and TeW (15% 
loss) showed significant losses at 24 h (Table 2.3.1). 
No significant loss of heparin occurred for any material (Table 2.3.1). 
However, the concentration within MaG was greater than the control group at 
all time points, possibly due to the heparin-based Bioline surface coating, while 
other samples were similar to the control groups R and C (Fig. 2.3.3). 
Compared to meropenem and heparin, dexmedetomidine exhibited 
relatively early loss, as expected from a previous report that dexmedetomidine 
in a blood-primed ECMO circuit was absorbed, with a maximum 73% loss after 
1 h [55]. Unlike meropenem, dexmedetomidine and heparin were chemically 
stable at 37°C; therefore, both R and C showed similar results, with no 
significant losses (Fig. 2.3.3) 
 
2.3.4 Discussion 
Most previous studies related to drug sequestration in ECMO circuits used the 
entire circuit primed with either saline or blood, in which interactions among 
all combinations of materials composing the circuit and those of ions included 
in the base solution are involved. Mehta et al. demonstrated that drug losses and 
their stability can differ not only by drug type but also by the base solution. For 
example, 71.8% and 15.4% of ampicillin was lost in a crystalloid-primed and 
blood-primed circuit after 24 h of circulationAmpicillin samples stored in glass 
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jars for the control group, one in crystalloid and the other in blood, also 
exhibited different concentrations at 24 h; i.e., 0% versus 38.6%, demonstrating 
that complex chemical mechanisms are involved in drug loss [50]. Besides 
chemical factors, drug loss in the ECMO circuit could be associated with 
mechanical factors, as blood in the circuit moves with varying flow rates or 
pressures, being continuously exposed to friction with component surfaces. 
Therefore, to identify determinants of drug loss in ECMO circuits, the 
experimental setup must be optimized. Accordingly, the blood path in the 
ECMO circuit and the component materials in contact with blood during 
ECMO treatment was identified. A base solution of DI water was used to 
minimize ionic influences and investigated concentration changes of each drug 
by individual components.  
The greatest loss of dexmedetomidine occurred with B and MaW, all of 
which are from Maquet Inc. Because there was no significant difference in 
concentration from MaH and TeH over time, the only difference between which 
is the surface coating materials, the coating material might not be the cause of 
drug loss. Moreover, although B showed the greatest decrease in 
dexmedetomidine concentration, considering that there was no significant 
difference in the concentrations among the three tubing types, the tubing 
material could be the source of the cause rather than coating material. Indeed, 
Preston et al. demonstrated that uncoated polyvinyl chloride (PVC) tubing was 
the primary cause of fentanyl and morphine sulfate loss and both Bioline coated 
Quadrox D (Maquet Cardiopulmonary, AG Hirrlingen, Germany) and X-coated 
Terumo Baby Rx (Terumo Cardiovascular Systems Corp., Ann Rbor, MI) had 
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very little effect [56]. Therefore, PVC itself may have greater influence on drug 
loss than the surface-coating material.  
Dexmedetomidine is emerging as a promising sedative-analgesic agent for 
intensive care unit (ICU) patients [57-60]. Dexmedetomidine has gained 
attention because classic sedatives including midazolam and propofol have 
adverse side effects such as prolonged mechanical ventilation and propofol 
infusion syndrome [61]. Moreover, particularly for delirium which generally 
comes with deep sedation and is one of the most important issues in the ICU 
[62-65], dexmedetomidine proved to be more effective in reducing such mental 
disability than either midazolam or propofol [61, 66]. Accordingly, the 
pharmacokinetic characteristics of such novel sedative-analgesic agent in 
ECMO circuit are of interest [55], and the in vitro study thus provides an 
important contribution to related fields.  
Shekar et al. demonstrated instability of meropenem in a blood-primed 
circuit maintained at 37°C [48], which can be associated with both blood 
components and temperature. Berthoin et al. evaluated meropenem stability in 
aqueous solution, and reported that meropenem degradation is dependent on 
time, temperature, and concentration [67]. Concomitant with these previous 
studies, meropenem at 0.015 mg/mL used in this study maintained stability over 
time at room temperature, but degrades at physiological temperature (37°C). 
Considering such degradation, the initial bolus of meropenem for clinical use 
should be optimized.  
To quantify heparin concentration based on the colorimetric method of 
Smith et al., a great number of pipetting procedures are necessary, which could 
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result in technical error. To minimize such error, dispensers (VITLAB GmbH, 
Grossostheim, Germany) and Eppendorf Multipette M4 (Eppendorf, Hamburg, 
Germany) were used, which improved reproducibility compared to preliminary 
experiments. Interestingly discovery the heparin concentration increased with 
MaG, which was also seen in the preliminary experiments in which 
experimental procedures were exactly the same but both dispensers and 
Eppendorf Mutipette (N=3, data not shown) were not used. According to 
Maquet Inc., Bioline is an albumin-heparin coating in which heparin is 
covalently bonded to albumin immobilized on the surface. The elevated heparin 
concentration level within MaG might be associated with the bonding strength 
between the coating material and the polymethylpentene (PMP) microporous 
fibers of MaG.  
Due to cost and limited amount of materials available from a single circuit, 
experiment was limited to a small sample size (N=3). Although the larger the 
sample size the greater the statistical power, Student’s t-test facilitates 
statistical analysis of small sample sizes (N<5), as confirmed by Winter [54]. 
 
2.3.5 Conclusion 
Drug loss due to individual components of the ECMO circuit was quantified, 
of which PVC tubing and MaW were critical for dexmedetomidine, while no 
significant losses were found for meropenem and heparin. Considering that 
there was no significant difference in drug loss due to MaH and TeH, both of 
which are made of PC, or to PVC-based tubing, the only difference in which is 
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the coating material, coating materials may have marginal effects on drug loss. 
Instead, the materials composing tubing and MaW, PVC and polyurethane 
fibers, respectively, are likely the primary cause of drug loss, suggesting that 
material selection is vital in ECMO development. Investigations of chemical 
responses depending on drug properties to develop an ECMO-specific drug 
dosing protocol and to resolve the altered pharmacokinetics are important, but 








Fig. 2.3.1 Extracorporeal membrane oxygenation (ECMO) circuit 
components. (A) Maquet ECMO circuit coated with Bioline. (B) Quadrox 
PLS oxygenator composed of polypropylene microporous fibers for gas 
exchange, polyurethane fibers for heat exchange, and a polycarbonate 
housing. (C) Terumo ECMO circuit coated with Xcoating. (D) RX 
oxyegenator composed of polypropylene microporous fibers for gas 






Fig. 2.3.2 Sample preparation and experimental setup. (A) Nine samples from 
the circuit were considered for each drug and all were sterilized by ethylene 
oxide (EO) gas. Circuit samples included the gas exchanger, heat exchanger 
and housing of each oxygenator and three types of tubing (Tygon S-50-HL 
Medical tubing, Maquet Bioline-coated tubing, and Terumo X-coated tubing). 
(B) Four sets of circuit samples for 1, 6, 12, and 24 h experiments were 





























































































































































































































































Table 2.3.1 Drug remaining percentages at 24 h for dexmedetomidine, 
meropenem and heparin. B and MaW were common source of significant drug 
loss for both dexmedetomidine and heparin compared to the control group C. 
Asterisk (*) indicates p<0.05. 
Drug remaining at 24 h [%] 
Sample Dexmedetomidine Meropenem Heparin 
Control R 99.7 ± 1.3 101.4 ± 6.5 89.2 ± 3.7 
Control C 104.4 ± 6.1 88.4 ± 4.4 100.3 ± 12.5 
T 75.0 ± 7.0* 80.3 ± 9.6 98.4 ± 9.5 
B 69.9 ± 16.5* 91.0 ± 5.1 102.1 ± 13.4 
X 87.5 ± 9.9* 91.2 ± 4.3 100.2 ± 6.8 
MaG 95.5 ± 10.3 91.4 ± 1.8 119.3 ± 10.3 
MaW 58.2 ± 1.7* 90.7 ± 3.5 95.2 ± 11.7 
MaH 97.3 ± 10.0 89.0 ± 1.5 104.0 ± 13.6 
TeG 91.4 ± 7.3* 92.2 ± 4.3 85.9 ± 14.0 
TeW 96.6 ± 2.8 85.2 ± 2.8 101.4 ± 4.6 








Chapter 3.  
 
 
Micro-scale centrifugal-fluidic system for 
biomedical application 
 
3.1 A numerical study of the Coriolis effect in centrifugal 
microfluidics with different channel arrangements [68] 
The Coriolis force has been of great interest to control the transversal flow that 
is critical for mixing or switching fluids in centrifugal microfluidics. Therefore, 
the variation in the Coriolis effect has been extensively investigated by varying 
the rotational speeds and the cross-sectional geometry of microchannels. 
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However, the subject of such investigations has been limited to radially 
positioned microchannels even though channels can lie everywhere on the 
rotating platform with different arrangements. In this study, numerical methods 
were used to investigate the Coriolis effect resulting from the angular alignment 
(AA) and radial displacement (RD) of rotating microchannels. The analysis 
focuses on determining the contribution that different channel arrangements 
have in the deviation of parabolic velocity profiles, which is generally produced 
by the effective Coriolis force. The simulation result showed that the flow can 
deviate even at a low rotational speed, where the Coriolis force is negligible, 
with an AA of up to 33% which is a sufficient amount for flow switching. Once 
the rotational speed reaches to the critical RPM, the flow deviates by an 
effective Coriolis force, but the deviation systematically varies with AA or RD. 
As the Coriolis force becomes more dominant with a high rotational speed, the 
deviation reaches a saturation point while flow rate is regulated by AA or RD, 
enabling the flow rate to remain low even at very high RPM, without reducing 
the deviation. The variation in the Coriolis effect due to the different channel 
arrangements investigated in this study is believed to provide an essential basis 
to design and develop centrifugal microfluidic systems. 
 
3.1.1 Introduction 
Over the past few decades, significant advances have been made for Lab-on-a-
CD systems, which are a representative model of centrifugal microfluidics 
devices. Such technologies provide a wide range of capabilities for biological 
and chemical analysis, particularly in biomedical applications such as blood 
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analysis or high-throughput immunoassays. These devices are thus emerging as 
clinical laboratory tools with a high potential to replace conventional time-
consuming and labor-intensive laboratory methods [18]. 
One of the major advantages of using centrifugal microfluidic systems is 
that they achieve compactness by replacing an external pumping device with 
an embedded rotor that generates rotational forces in order to produce a 
pressure-driven like flow or other fluidic functionalities with the appropriate 
channel design, e.g., mixing, valving, metering, sample splitting, or even 
multiple integrated functions [69]. However, the rotational forces spatially vary 
depending on the rotational speed, so it is necessary to have a solid 
understanding of the fluidic behavior under a wide range of rotational forces 
along the channel in order to achieve a successful implementation. 
Three forces govern the fluidic behaviors in centrifugal microfluidics: the 
centrifugal force (fω), the Euler force (fE), and the Coriolis force (fC) (Fig. 1.1.1). 
At a constant rotational speed, the fluid flow is determined by the interaction 
between the centrifugal force and the Coriolis force. Once the fluid confined in 
the rotating channels begins to move as a result of the centrifugal force, the 
Coriolis force begins to have an effect, depending on the direction and speed of 
the flow. When the Coriolis force is dominant over the centrifugal force, the 
velocity profile of the typical laminar flow, which is symmetrically parabolic, 
exhibits a significant change by deviating into one of the sidewalls. 
Such a deviation in the flow can have an important role in the microfluidic 
device since it induces an effective fluidic switch [70], bifurcation [71] or 
convective mixing [72-75], all of which were originally limited due to the 
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inherent features of laminar flow through microchannels [76]. Previous studies 
have attempted to implement active control by integrating magnetic beads with 
expensive electromagnets [77-79] or microvalves (e.g., electrokinetic valves) 
[80] to provide microfluidic mixing and routing, respectively. However, such 
techniques introduce severe complexities into the system, and it is therefore 
necessary to minimize the number of active components that are in use. A recent 
study showed that it is important to consider inertial forces even when active 
controls are used since this creates synergetic effects and further improves the 
performance of the system [19]. Therefore, it is essential to have a thorough 
understanding of the physical phenomena that are manifested as a result of the 
interaction of diverse rotational forces in order to successfully implement the 
desired fluidic functionality while maximizing passive control in the centrifugal 
microfluidic systems. 
Accordingly, several numerical and experimental studies have been carried 
out to regulate the centrifugal and Coriolis forces by using various 
combinations of rotational speed and geometric structures [70, 71, 74, 75, 81, 
82]. Recently, a critical rotational Reynolds number was proposed in order to 
generate the most effective flow deviation via a Coriolis force by analyzing the 
different rotational speeds and different microchannel hydraulic diameters [83]. 
However, all of these prior studies have been limited to investigating only a 
single radially aligned microchannel (radial model) (Fig. 1.1.1), even though 
channels can lie everywhere on the rotating platform with different 
arrangements. 
Here, the effects that the angular rotation and radial displacement of 
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rotating microchannels can have on the fluid dynamics of centrifugal 
microfluidics were investigated. The hypothesis is that different channel 
arrangements, in addition to the rotational speed or the size and shape of the 
channel cross-section, influence the rotational forces and, therefore, the fluidic 
behavior. As a result of this study, the decomposition of the centrifugal force 
produced according to different arrangements plays an important role in flow 
routing at a low rotational speed and in maintaining or assisting flow deviation 
at an intermediate rotational speed. The flow deviation is eventually saturated 
at a high rotational speed even though the Coriolis force becomes more 
dominant while the volumetric flow rates change systematically with the 
different channel arrangements. The new findings of this study are believed to 
provide the essential basis of the design principles for centrifugal microfluidics 
in order to realize the desired fluidic functionalities, including mixing and 
routing, by achieving more convenient liquid handling and better use of the 
limited space that is available in centrifugal microfluidics platforms. 
 
3.1.2 Model problem 
The effects of the channel arrangements on the centrifugal microfluidics were 
investigated by using two types of non-radial models: angular alignment (AA) 
and radial displacement (RD). The schematics for these two configurations are 
shown in Fig. 3.1.1. For the AA configurations, a three-dimensional (3D) 
rectangular channel on top of a circular disk is aligned at seven different angles 
(0°, 15°, 30°, 45°, 60°, 75°, 90°) relative to the radial model, which is radially 
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aligned with the inlet located at a radial distance of 20 mm from the center of 
the disk. For the RD configurations, a 3D microchannel with a 90° angular 
alignment moved radially outward at seven different displacements (0, 2, 4, 6, 
8, 10, 12 mm). Both models were investigated with ten different levels of 
rotational speed, at intervals of 400 RPM, from 200 to 4200 RPM, both in the 
clockwise (CW) and in the counter clockwise (CCW) directions. A previous 
study shows that a microchannel with a square cross-section generated a 
maximum deviation in the velocity profile [83], and accordingly, the models 
were designed to have a height (h) and width (w) of 200 µm with a length (L) 
of 20 mm. 
For each model, the different channel arrangements decompose the 
centrifugal force (fω) into one force along the channel and another parallel to 
the Coriolis force (fC) that is perpendicular to the channel length. Assuming that 
the decomposition of the centrifugal force may contribute to the deviation in 
the velocity profile, the force relationship that represents the ratio between the 
force acting along the channel and the force acting perpendicular to the channel 
was considered for the model problems (Fig. 3.1.2). 
 
Radial model 
Under a constant rotational speed, the force relationship between the centrifugal 
force (fω) and the Coriolis force (f) governs the fluid behavior in a centrifugal 
microfluidic system. fω and fC are: 
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where ρ is the fluid density, ω is the rotational speed, r represents the 
coordinates along the center line of the channel with the origin at the inlet, d(r) 
is the distance from the point r to the rotating axis, and u￿ is the fluid velocity. 
When umax derived from the balance of the centrifugal and viscous forces (Eq. 
(3.1.3)) is applied to estimate the Coriolis force, the force relationship between 


























where µ is the fluid viscosity and Δw is the width of the channel. According to 
this relationship, the Coriolis force prevails over the centrifugal force when ω 
becomes greater than 1000 RPM with the liquid properties of water, which is 
the working fluid considered in this study [70]. 
 
Non-radial model 
The force relationship for the non-radial model needs to be modified from that 
of the radial model since the non-radial model entails the decomposition of the 
centrifugal force [84] (Fig. 3.1.2). Channel arrangements can be defined by 
combinations of angular alignment (θ) and radial distance (x), which in turn 
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determines the distance variable d(r) that varies along the channel from inlet to 
outlet (Fig. 3.1.3). All variations of d(r) should affect changes in the velocity 
profiles. Accordingly, the non-radial model was categorized into AA and RD 
configurations, which satisfies (θ, x)=(θ, 0) and (θ, x)=(90°, x) respectively, in 
order to analyze the flow features more systematically. For the non-radial model, 
umax and d(r) is modified by different channel arrangements as: 
 2 2
max







= D  (3.1.5) 
 
 







=  (3.1.6) 
 
 








+ +è ø  
(3.1.7) 
 
where θ is the channel alignment angle, x is the radial displacement of the 
channel, r represents the coordinates along the center line of the channel with 
the origin at the inlet, α(r) is the angle between fω at the r-coordinate and the 
horizontal line, and d(r) is the distance from point r to the rotating axis. By 
applying this modified umax to estimate the Coriolis force, the force relationship 
that represents the ratio between the force acting along the channel and the force 
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where the Coriolis force (f￿ ) is either added to or subtracted from fω, perp, 
depending on the direction of the rotation (Fig. 3.1.2). Here, fω, perp is the 
decomposition of fω acting perpendicular to the channel, and fω, long is the 
decomposition of fω acting parallel to the channel. 
  is defined as kfluid in 
Eq. (3.1.4), so the force relationship for AA and RD configurations can be 
further reduced to Eq. (3.1.9) and Eq. (3.1.10) by satisfying (θ, x)=(θ, 0) and (θ, 
x)=(90°, x) respectively. Note that Eq. (3.1.8) becomes the force relationship 
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where k = tanθ − α(r) , with α(r) = tan       , and k =tan 90° − α(r) , with  α(r) = tan    (Fig. 3.1.3).  While kfluid is a 
constant factor, as it remains constant regardless of either the alignment 
angle(θ) or the radial distance(x), kAA and kRD are variable factors for each 
configuration since the range of the values varies along the channel length 
according to the alignment angle and the radial displacement, respectively. The 




3.1.3 Analytical solution 
The Navier-Stokes equations for fluid mechanics in rotating microchannels 
with different angular or radial arrangements are analytically solved by making 
the following assumptions of the fluid to simplify the problem: 1. 
incompressible; 2. Newtonian fluid; 3. fully developed; 4. laminar flow; and 5. 
steady state. Based on Fig. 3.1.3, the momentum equation for the r-direction, 
which is the flow direction along the channel length, has been established. With 
the following boundary conditions, the momentum equation for the r-direction 
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(3.1.11) 
where u is the velocity vector along the r-direction, and p is the static pressure 
as a function of r if the centrifugal force was considered only as the body force, 
Fb, such that 
 2
( )bF d rrw=  (3.1.12) 
where d(r) is the radial distance of the points along the channel from the rotating 
axis (Fig. 3.1.3). Eq. (3.1.11) can then be easily solved based on the eigenvalue 
concept (Δu = -λu = f) by expressing the left and right side of Eq. (3.1.11) as 
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where Φ, = sin  sin   is an eigenfunction and Un,m and Fn,m are 
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where λ, = ()  + () . 
７１ 
 





, ( ) . (2 1)(2 1)m n m n
dpu x z d r m ndr
rw lp m = =
¥ ¥æ ö













. ( , ) ( ) .
0 0avg m n




w rwp m = =
¥ ¥æ ö
å åò ò= = - +ç ÷





(2 1) (2 1) ,m n m nl- -  
 
A comparison with the analytical solution described by Roy et al. [83] 
indicates that the analytical solution provides a more general form of the 
velocity analysis for a rotating microchannel with the parameter d(r), with 
applicability for the non-radial model (e.g. AA and RD configurations) as well 
as the radial model. 
 
3.1.4 Numerical solution 
The modeling for the AA and RD configurations as well as the three-
dimensional (3D) computational fluid dynamics (CFD) was performed by using 
the laminar flow interface provided in the Microfluidics Module of COMSOL 
Multiphysics 4.4 (COMSOL Inc., Palo Alto, CA). Centrifugal and Coriolis 
forces were employed explicitly as body forces. 
Simulation was first performed by following the instructions in the 
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qualified example provided by the COMSOL group (https://www.comsol.com/ 
model/rotating-channel-14033). The only difference was the setting for the inlet 
boundary condition, for which the instruction specifies applying zero pressure. 
However, the COMSOL group strongly emphasized that this boundary 
condition at the inlet is unphysical even though it was commonly used for 
similar simulations of rotating microchannels by other groups including Glatzel 
et al. [85]. For this reason, instead of zero pressure, average velocities for the 
inlet boundary conditions was applied by following Eq. (3.1.21), which is 
characterized experimentally and is proven to have great correlations with the 
experimental results [86]. Moreover, considering that the radial model is 
exactly the same as the square microchannel used by Roy et al. [83] as one of 
the cases for their analysis, the simulation results from the radial model with 
those for their square microchannel were compared in order to confirm the 
numerical simulations performed in this study. 
 
Grid independence test 
In this study, a uniform grid is considered in the x, z, and r directions, and a grid 
independence study was performed with a radial model at 4200 RPM. The mesh 
was refined until the analytical parameters, maximum velocity magnitude (umax), 
volumetric flow rate (Q), and flow deviation percentage (DP) became 
independent of the mesh. Here, DP is defined as the percentage of the maximum 
velocity displacement from the center to the sidewall in the direction of the 
channel width (Fig. 3.1.4) to quantitatively measure the change in the parabolic 
velocity profile from the symmetric to the asymmetric shape. The mesh from 
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having 18,900 degrees of freedom (DOF) to having 980,100 DOF were 
examined by computing the percent differences (% diff.) among the analytical 
parameters (DP, umax, and Q) that results from two successive grid systems. In 
addition, the velocity profiles at the outlet in both the x and z directions for each 
grid system were compared by computing the mean differences of the velocity 
at each grid point in order to ensure grid independency (Table 3.1.2). For 
comparison, the values that have been calculated at each grid point were 
connected via cubic spline interpolation in order to provide solutions for the 
same coordinates in different grid systems. As the number of grid points 
increases, the percent difference among the analytical parameters for the 
38x38x100, 40x40x100, 42x42x120, and 44x44x120 grid systems were all 
within acceptable ranges (below 0.5%) and the mean differences of the velocity 
profiles in either the x and z directions were also very small (Table 3.1.2 and 
Fig. 3.1.5). In particular, the grid system with a size of 40x40x100 further 
reduced the percent difference for both DP and umax below 0.05%. The velocity 
profiles in both the x and z directions in the grid system with a size of 
40x40x100 also had a high similarity to those of further refined grid systems 
(42x42x120 and 44x44x120) (Fig. 3.1.5). Therefore, considering the 
computational efficiency, the grid system with a size of 40x40x100 was finally 




The microchannel was assumed to be connected to a large inlet reservoir at one 
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end and to a large waste reservoir at the other (Fig. 3.1.6). The average velocity, 
as given by Duffy et al., depends on the properties of the liquid, the size, 










where dH is the hydraulic diameter of the channel, L is the length of the channel, 
ω is the rotational speed, r is the average distance of the liquid in the channel 
from the center of the disk, and Δr is the radial extent of the fluid that is 
subjected to the centrifugal force. r  and Δr are defined with geometric 
parameters r0, r1, and H, as shown in Fig. 3.1.6, such that r  = (r0 + r1 - H) / 
2 and Δr = (r1 – (r0  – H), where r0 and r1 are the inner and outer radii of the 
flowing fluid, respectively, and H is the head of the liquid in the inlet reservoir. 
Assuming that the inlet reservoir is continuously being filled with water during 
rotation, H is set to 0.01 m in the numerical simulations. 
Using Eq. (3.1.9), which is derived considering the centrifugal force only, 
the average velocities were calculated for all numerical models considered in 
this study and were applied to the inlet boundary conditions assuming that the 
Coriolis force is negligible at the inlet. The reason lies in the fact that the 
effective Coriolis force is generated only after the flow moves with an effective 
velocity and the inlet is where the flow just starts to move by centrifugal force 
that acts on it. For the outlet and the side walls, the open boundary condition, 
which allows the fluid to both enter and leave the domain, and the no-slip 
boundary condition were respectively given. 
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In this study, steady-state simulations were performed with the given 
boundary conditions. Water was considered as the working fluid, and it was 
considered to have a density (ρ) of 1000 kg/m3 and a viscosity (µ) of 0.001 Pa·s. 
The flow behavior for each model was examined by extracting data from the 
outlet, and the analyses were performed according to three parameters, the flow 
deviation percentage (DP), the maximum velocity magnitude (umax), and the 
volumetric flow rate (Q). 
 
3.1.5 Results 
In the radial model, the Coriolis force acts on the fluid in a clearly visible 
manner. The parabolic velocity profile with a fully developed laminar flow 
starts to deviate toward the sidewall in the direction of the Coriolis force, and 
the deviation in the velocity profile, which is defined as the deviation 
percentage (DP), grows as the rotational speed ω increases. Therefore, in the 
radial model, DP increases as the constant factor kfluid increases, which is 
proportionally related to ω [Eq. (3.1.3)] by representing the dominance levels 
of the Coriolis force relative to the centrifugal force. However, the DP is 
eventually saturated at a high rotational speed, irrespective of the further 
increase in kfluid, which also can be seen in the results provided by Roy et al. 
[83]. In this previous study, the effects of the Coriolis force under different 
aspect ratios (AR) for the cross-sectional area of the channel were investigated, 
including a channel with AR = 1 identical to the radial model. The resulting 
velocity profile with AR = 1 in this previous study is also very similar to ours 
by displaying the saturation of the flow deviation at a high rotational speed. 
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However, a comparison of the overall results reveals that Roy et al. achieved a 
DP that significantly changes according to differences in the aspect ratio, even 
at a high rotational speed, while the results show that DP is rather saturated and 
is maintained with different channel arrangements (non-radial model) at a high 
rotational speed while the flow rates, on the other hand, systematically change 
according to either AA or RD. 
For the non-radial model, variable factors (kAA for the AA configuration 
and kRD for the RD configuration) are produced by the decomposition of the 
centrifugal force in addition to kfluid. kfluid is either added to or is subtracted from 
these variable factors according to the direction of the rotation (CW or CCW) 
to represent the dominance levels of the perpendicular force relative to the 
longitudinal force. For each configuration, the influence of each variable factor 
on DP is different for different domains of ω, whether or not an effective 
Coriolis force exists (Fig. 3.1.7). As the rotational speed reaches the critical 
RPM, at which kfluid ~ 1 (1000 RPM), the trend for the DP is reversed and is 
eventually saturated at a high rotational speed (kfluid >> 1), irrespective of 
further changes in both kfluid and the variable factors. The trend of the DP 
saturation is displayed by using a variation of deviation (VD) graph (Fig. 3.1.8), 
which was produced from a linear regression of the change in the deviation. 
Therefore, the slope of each fitted line indicates the amount of variation in the 
DP that is caused by the AA or RD configurations at a given rotational speed 
(Fig. 3.1.9). 
For the AA configuration, DP grows with a kAA increment at a low 
rotational speed (kfluid << 1) regardless of whether kfluid is added to or is 
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subtracted from it (Fig. 3.1.10 and Fig. 3.1.11), meaning that kAA leads the flow 
deviation. Therefore, DP and kAA are proportionally related at a low rotational 
speed, creating positive VDs for both the CW and the CCW rotation (Fig. 3.1.8). 
However, once the Coriolis force becomes dominant (kfluid > 1), kAA becomes an 
auxiliary component in the flow deviation. At the critical RPM (kfluid ~ 1), DP 
is no more proportionally related to kAA, and the trend is reversed as VD 
becomes negative, meaning that kfluid starts to lead the flow deviation. However, 
the CCW and CW rotations exhibit different VDs, meaning that kAA still has an 
effect on DP. Although the kfluid that is added to kAA by the CCW rotation cannot 
further increase DP, the kfluid that is subtracted from kAA (Fig. 3.1.11) by the CW 
rotation further reduces the flow deviation (DP), which may indicate that kAA in 
the CCW rotation becomes responsible for compensating for the attenuated 
Coriolis force caused by the reduction in flow as AA increases. At a high 
rotational speed (kfluid >> 1), kAA becomes negligible and DP is saturated in the 
direction of the Coriolis force for both the CCW and CW rotations, meaning 
that kfluid entirely leads the flow deviation. Meanwhile, the volumetric flow rates 
can be effectively regulated with variations in AA, ranging from 9.96 mL/min 
to 21.3 mL/min at 4200 RPM, for example (Fig. 3.1.12). However, there is no 
change in DP. 
With respect to the RD configuration, the DP generated at a low rotational 
speed (kfluid << 1) by an angular alignment of 90° with respect to the radial 
direction drops as kRD increases, even when kRD is added to kfluid in the CCW 
rotation (Fig. 3.1.7B), creating negative VDs (Fig. 3.1.8). This implies that the 
variable factor cannot cause an effect in the radial displacement that increases 
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the flow rate along the channel. The initial DP produced by 90AAk =  at a low 
rotational speed is greater for the CCW rotation than for the CW rotation due 
to the different interactions, either addition or subtraction, between the constant 
factor kfluid and the variable factor. However, the effects of kRD in reducing the 
initial DP are almost the same as the VDs for the CCW rotation, which overlap 
well with those for the CW rotation at a low rotational speed. Once the Coriolis 
force becomes dominant (kfluid > 1), kRD becomes responsible for assisting the 
increases in the deviation, and therefore, DP becomes saturated even faster (as 
VD approaches to 0) with the CCW rotation where kRD and kfluid act in the same 
direction. At the initial stage of kfluid > 1 section, VD grows until kfluid becomes 
greater than kRD. VD is particularly larger with CW rotation where kfluid and kRD 
act in the opposite direction, meaning that DP changes in a relatively systematic 
way according to the effective kRD. that acts opposite to kfluid. Once kfluid 
surpasses kRD, the contribution of kRD becomes trivial, and VD starts to decrease 
and approaches zero as DP becomes saturated at a high rotational speed with a 
dominance effects of the Coriolis force (kfluid >> 1). 
For both configurations, the VD crosses zero (reversal of the DP trend) 
around the critical rotational speed of 1000 RPM (kfluid ~ 1, Fig. 3.1.8) with an 
effective Coriolis force generated as expected from Eq. (3.1.4). However, the 
DP trend is not completely reversed at this critical RPM with the CCW rotation 
while an apparent reversal is observed with the CW rotation, meaning that kfluid 
and the variable factors (kAA or kRD) coexist by providing almost even 
contributions to DP at this critical RPM. For all ranges of rotational speeds, the 
CW rotation exhibits larger VDs than the CCW rotation due to the opposing 
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action, meaning that DP can be systematically controlled by an effective 
variable factors that act in the opposite direction to kfluid. Although the CCW and 
the CW rotation have such a different DP trend, there is no difference in the 
flow rates, which determine the Coriolis force according to Eq. (3.1.2), meaning 




The results of the simulation indicate that the deviation in the flow, DP, is 
relatively unchanged with respect to the channel arrangements particularly 
when the constant factor (kfluid) and the variable factors (kAA or kRD) act in the 
same direction with an effective Coriolis force (Fig. 3.1.7 and Fig. 3.1.13) while 
the volumetric flow rates can be effectively regulated with respect to the 
channel arrangements (Fig. 3.1.9). Such effects become more obvious at a high 
rotational speed. For example, the angular channel alignment allows a 
systematic reduction in the flow rate of more than 50% (i.e., from 9.96 mL/min 
to 21.3 mL/min at 4200 RPM) with almost no change in the DP at the high 
rotational speed (Fig. 3.1.14 and Fig. 3.1.15). This may lead to a technique 
where the residence time of the fluid is manipulated by determining the flow 
rate. The fluid residence time is known to provide a direct impact on the 
reaction process [87], and therefore, the maintenance of DP for an extended 
time by tilting the channel should allow for more efficient mixing or chemical 
reactions. 
Instead of regulating the flow rate, the length of the channel can be 
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regulated in order to manipulate the residence time. Extending the channel 
length is another key impact parameters to prolong the residence time not only 
to ensure efficient mixing but also to achieve a complete flip or switch in the 
flow by the Coriolis force that is generated [74] in centrifugal microfluidic 
system. However, it requires additional spaces. Here, aligning the channel other 
than in a radial direction could provide a solution to reserve spaces, even with 
an extended channel length. Therefore, the non-radial alignment channel with 
an extended length could bring synergetic effects for the Coriolis- induced flow 
phenomena, including patterning, flipping, and multilamination [74, 75, 88] by 
saving limited spaces available on the rotating platform. 
In previous studies, multilamination [75] and flow patterning [74] were 
described in order to accelerate mixing. Multilamination is based on a split-flip-
and-recombine scheme, and flow patterning reshapes the flow by inducing a 
larger Coriolis force with a higher rotational speed. However, the results of the 
simulation indicate that more consistent multilamination and patterning could 
be expected all at once under the same rotational speeds by making good use 
of the principles described here. For example, with an intermediate CW rotation, 
where kfluid and the variable factors coexist, DP changes in a relatively 
systematic way where an AA = 90° channel would provide the minimum DP to 
achieve a more uniform flow division at the initial branching point. Then, the 
following AA < 90° channel would increase the DP, prompting flow flipping in 
the central channel. The flow may be again split or recombined with a channel 
that is further revolved (AA << 90°) in order for the patterning the flow by 
maximizing the DP to achieve efficient mixing. 
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However, if the experimenter tilts the channel only to save the space with 
no interest in extending the residence time, the weakened DP may become an 
issue especially when the operating RPM is at an intermediate rotational speed. 
In this case, RD can provide a solution without frustrating the purpose of saving 
space. Based on the simulation results, the radial displacement of 12mm, an 
amount that is only about half the length of the channel, results in slightly larger 
DP (<2.6%) with CCW rotation under the effective Coriolis force (>1000 RPM) 
compared to the DP from the radial model (Fig. 3.1.7). This suggests that one 
may be able to fully compensate DP weakened by tilting with RD that is much 
less than the channel length. 
Another discovery is that different channel arrangements result in a DP 
that becomes nonzero at the outlet, even at low rotational speeds, by following 
the variable factors. In a radial model, the symmetrically parabolic flow profile 
continues toward the outlet, with DP = 0 at low rotational speeds, when the 
Coriolis force is negligible. However, as the flow reaches the outlet in a non-
radial model, it deviates at its final destination, resulting in a nonzero DP. 
Particularly for the AA configuration, DP is maximized with AA = 90° up to 
33%, and such configuration might be effectively used to provide flow routing, 
such as the flow switching described by Brenner et al. [70]. 
Note that there is a strange kink with the DP change at the critical RPM 
(1000 RPM in the present study) (Fig. 3.1.7-3.1.9) at which an effective 
Coriolis force is generated as expected from Eq. (3.1.4). The kfluid defined in Eq. 
(3.1.4) is the ratio of the Coriolis force to the centrifugal force exerted on the 
fluid flowing through the radially positioned channel, representing the 
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dominance levels of these two forces with respect to one another. With the 
liquid properties of water and the channel geometry, 1000 RPM turned out to 
be the transition spot where the ratio starts to exceed 1. However, in non-radial 
models, additional factors (kAA for AA configuration and kRD for RD 
configuration) are involved in accord with kfluid to represent the ratio of the 
perpendicular force to the parallel force exerted on the fluid flowing through 
the non-radially positioned channel due to decomposition of the centrifugal 
force by different channel arrangements. In the ranges of rotational speed from 
low to high, kAA and kRD create odd behaviors during the transition period around 
the critical RPM, while providing relatively systematic effects with kfluid in other 
ranges of rotational speed (Fig.3.1.7-3.1.9). Particularly, the obvious difference 
in DP changes found at the critical RPM between CCW rotation and CW 
rotation indicates that channel arrangement certainly has the effect of either 
increasing or decreasing DP along with the Coriolis force. Therefore, 
considering this distinctive feature during the transition period, special attention 
on the rotational direction or on the channel design might be required when the 
experimenter tries to tilt the channel, for example, to save space with the 
operating rotational speed of the critical RPM. For example, if the experimenter 
purposed to flow two different fluids by minimizing the interaction between the 
two fluids to create two distinct layers, CW rather than CCW rotation might be 
desirable since DP can be reduced to zero with CW rotation at the critical RPM 
within the AA=90° microchannel. On the other hand, DP remains relatively the 
same around 20% for CCW rotation at the critical RPM even within the AA=90° 
microchannel. As another example, considering that the difference in VD 
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between CCW and CW rotation reaches its maximum value at the critical RPM 
(Fig. 3.1.8), if the experimenter designs a channel network that is symmetrically 
branched with respect to the radial direction with different branching angles, 
the critical RPM will prompt maximized difference in flow between the two 
sets of branched channels since one side of the flow would move with the flow 
characterization of CCW rotation and the other with that of CW rotation while 
the platform rotates in either direction. 
 
3.1.7 Summary and Conclusion 
It is very important to have a solid understanding of the fluidic behavior of 
various microchannel designs under a wide range of rotational forces to 
successfully implement centrifugal microfluidics in biological and chemical 
research that requires sample manipulation. However, previous studies have 
been limited to radially positioned microchannels in order to study the 
transversal flow that causes a flow deviation in the centrifugal microfluidics by 
varying either the rotational speed or the size and shape of the cross-section of 
the channel [70, 71, 74, 75, 81, 82]. Moreover, such studies have shown that 
the rotational speed is the primary factor that induces an effective transversal 
flow or a Coriolis force, which, however, would also dramatically increase the 
flow velocity along the channel, preventing independent control of both 
parameters. 
In this study, the influence of channel arrangements at various angles 
relative to the radial direction (AA configuration) or at radially outward 
displacements (RD configuration) on the transversal flow that is generated was 
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explored. An ability either to regulate the flow deviation in a relatively 
systematic way at a low and an intermediate rotational speed with the opposite 
action between the Coriolis force and the decomposition of the centrifugal force 
or to regulate the flow velocity while maintaining the flow deviation by 
changing the relative position of the microchannel in the rotating platform, 
especially at a high rotational speed was demonstrated. The effect that the 
variable factors (kAA or kRD) had was examined in terms of the results from the 
decomposition of the centrifugal force for each configuration to the flow 
deviation and volumetric flow rate. At a low rotational speed, when the variable 
factors dominate kfluid, the flow deviates to up to 33% at the outlet by following 
the variable factors, which is the amount that should be useful for flow routing. 
Once kfluid is dominant and the Coriolis force becomes effective, the entire flow 
begins to deviate in the direction of the Coriolis force. Here, the deviation in 
the flow, DP, is relatively unchanged when the constant factor (kfluid) and the 
variable factors (kAA or kRD) act in the same direction, but DP changes in a 
relatively systematic way by the channel arrangements when the constant factor 
and the variable factors act in the opposite direction. Eventually, the deviation 
becomes completely saturated at a high rotational speed for both the CCW and 
CW rotation while the volumetric flow rate changes systematically with each 
configuration. In particular, the ability to manipulate the residence time while 
maintaining the flow deviation is believed to be critical for a wider variety of 
applications for centrifugal microfluidics, such as for chemical reactions where 
the residence time is known to provide a direct impact on the reaction process 
[87, 88]. In addition, all of the volumetric flow rates that were calculated from 
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the outlet for each case (Fig. 3.1.9) were within the range of those generated 
from commercial syringe pumps that are commonly used to generate a 
controlled flow rate in chip-based microfluidic systems. 
The principle that is described here would improve the space utilization in 
centrifugal microfluidics, for which limited space has been one of the major 
problems since fluids can only be moved radially outward. When different 
microchannel arrangements are considered during the design process, more 
delicate and systematic microfluidic networks could be expected by efficiently 
utilizing the limited space in order to achieve integrated functions that are 






Fig. 3.1.1 Top view schematic for two non-radial models: angular alignment 
(AA) and radial displacement (RD). The three-dimensional (3D) rectangular 
channel aligned at 0° represents a radial model. The AA configuration is a 
modification of the radial model by revolving it by 15° about the inlet located 
at a radial distance of 20 mm from the center of the disk. The RD configuration 
is a modification of an AA configuration with a 90° angular alignment by 




Fig. 3.1.2 Force balance of the rotational forces acting on a moving fluid along 
the rectangular microchannel generated by the rotating platform either in the 
clockwise (CW) or the counter clockwise (CCW) direction. In the non-radial 
model, the force relationship (defined as the ratio between the force acting 
along the channel and the force acting perpendicular to the channel) becomes 





Fig. 3.1.3 Decomposition of the centrifugal force in the (A) angular alignment 
(AA) and (B) radial displacement (RD) configuration. Unlike for the radial 
model, the distance vector from the center of the disk (black dot) to the points 
along the channel (￿()), which determines the centrifugal force, is not 
aligned lengthwise with the channel, and this creates a decomposition in the 
centrifugal force with one in the longitudinal direction and the other in the 
perpendicular direction with respect to the channel. The light-colored 
rectangular shape is the channel in the initial configuration and the dark-






Fig. 3.1.4 Calculation for the flow deviation percentage (DP) for an 
asymmetric velocity profile. A velocity profile (dotted line) with typical 
laminar flow is symmetrically parabolic with a maximum velocity located at 
the center (DP = 0). Significant changes are observed when the velocity 
profile (solid line) deviates to one of the sidewalls with a maximum velocity 
that is no longer at the center (DP ≠ 0). 
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Fig. 3.1.5 Comparison of the velocity profile along lines A and B at the 
channel outlet to validate the grid independence. The discrepancies between 
the velocity profiles are reduced as the mesh is refined. The 40x40x100 grid 




Fig. 3.1.6 Schematic of the channel configuration according to the geometric 
parameters where r0 and r1 are the inner and outer radii of the flowing fluid 





Fig. 3.1.7 Deviation percentage (DP) of the flow at each rotational speed in 
the (A) angular alignment (AA) and (B) radial displacement (RD) 
configurations for both CCW (top row) and CW rotation (bottom row). Note 
that DP trend changes by the critical RPM (1000 RPM). DP for the CCW and 
CW rotation are also different especially at an intermediate rotational speed 
with an effective Coriolis force (>1000 RPM) such that the CW rotation 
causes larger variations of DP for both configurations compared to the CCW 
rotation, with respect to the channel arrangements. As the rotational speed 
further increases, the individual DP for either AA or RD at given rotational 




Fig. 3.1.8 Graph of the variation in the deviation (VD) for the (A) angular 
alignment (AA) and (B) radial displacement (RD) configurations. Each point 
represents the amount of flow deviation created by systematically changing 
the channel arrangement of AA and RD at a constant rotational speed. Refer 




Fig. 3.1.9 Procedure to generate the graph of the variation in the deviation 
(VD). (A) Deviation percentage (DP) for the angular alignment (AA) 
configuration with a CCW rotation. (B) Linear regression on a change in 
the deviation at 200, 2200, and 4200 RPM according to the channel 
arrangement (AA or RD). In this linear regression procedure, the angles and 
displacements were normalized to a range from 0 to 1 in order to 
quantitatively compare the influence of AA and RD on the flow deviation 





Fig. 3.1.10 Pseudocolor plots of the velocity at the outlet for the CCW 
rotation. Either an angular alignment (AA) or a radial displacement (RD) 
generates a flow deviation in the same direction. The Coriolis force is 
dominant at 4200 RPM, and the flow deviations are almost identical, 
presenting saturation of the deviation percentage (DP) at a high rotational 
speed. The color bar scales are different for each case in order to visualize the 
flow deviation in all pseudocolor plots for the rotational speed ranges from 




Fig. 3.1.11 Pseudocolor plots of the velocity at the outlet for the CW rotation. 
Although the direction of the flow deviation initially depends on the channel 
arrangement at a low rotational speed, it changes to that of the Coriolis force 
as the rotational speed increases. AA: angular alignment, RD: radial 
displacement. The color bar scales are different for each case in order to 
visualize the flow deviation in all pseudocolor plots for the rotational speed 




Fig. 3.1.12 Volumetric flow rate for the (A) angular alignment (AA) and (B) 
radial displacement (RD) configurations. At a constant rotational speed, the 
volumetric flow rate changes systematically with the channel arrangements 





Fig. 3.1.13 Flow deviation percentage (DP) in absolute values with the 
normalized angle/displacement and a rotational speed (RPM) for (A) CCW 
and (B) CW rotation. The CW rotation displays a larger variation at a low 
rotational speed for both configurations, indicating that the flow deviation is 
more susceptible to the channel arrangement at a low rotational speed. At a 
high rotational speed, almost no difference is shown between the CW and 
CCW rotation for both the angular alignment (AA) and the radial 
displacement (RD) configurations, indicating saturation in the flow deviation 




Fig. 3.1.14 Re-drawn figure of Fig.3.1.10 that displays pseudocolor plots 
of the velocity at the outlet for the CCW rotation. The limits for colorbar 
ranges are identically set from 0 to 15m/s. At 4200RPM, the plot shows 
clear differences among velocity magnitude by different channel 




Fig. 3.1.15 Re-drawn figure of Fig.3.1.11 that displays pseudocolor plots 
of the velocity at the outlet for the CW rotation. The limits for colorbar 
ranges are identically set from 0 to 15m/s. At 4200 RPM, the plot shows 
clear differences among velocity magnitude by different channel 
















Table 3.1.1. Non-dimensional factors involved in determining the ratio 
between the force acting along the channel and the force acting perpendicular 






Non-radial model (Radial 
displacement (RD) 
configuration) 
RPM kfluid Angle kAA at outlet 
Displaceme
nt [mm] 
 kRD at 
outlet 
200 0.21 0° 0 0 1 
600 0.63 15° 0.1317 2 1.1 
1000 1.05 30° 0.2679 4 1.2 
1400 1.47 45° 0.4142 6 1.3 
1800 1.89 60° 0.5774 8 1.4 
2200 2.31 75° 0.7673 10 1.5 
2600 2.73 90° 1 12 1.6 
3000 3.15     
3400 3.57     
3800 3.99     







Table 3.1.2 Grid independence test. The parameters of the analysis include the 
flow deviation percentage (DP; defined as the percentage of the maximum 
velocity displacement from the center to the side wall in the direction of the 
channel width), magnitude of the maximum velocity (umax), volumetric flow 
rate (Q), and mean difference of the velocity magnitude for the velocity profiles 
at the outlet in both the x (profile A) and the z (profile B) directions (Fig. 3.1.5). 
Grid size 
(x x z x r) DOF umax  [m/s] % diff. DP  [%] % diff. Q [mL/min] % diff. Profile A [m/s] Profile B [m/s] 
14x14x20 18900 16.6091  38.24  20.3542    
18x18x40 59204 16.0379 3.4391 52.33 36.8462 20.6879 1.6395 1.101 0.9964 
26x26x40 119556 15.7475 1.8107 56.94 8.8095 21.0511 1.7556 0.3316 0.378 
32x32x50 222156 15.564 1.1653 58.58 2.8802 21.206 0.7358 0.1363 0.2025 
34x34x80 396900 15.441 0.7903 58.9 0.5463 21.2456 0.1867 0.0882 0.1201 
36x36x100 553076 15.4205 0.1328 58.68 0.3735 21.2808 0.1657 0.0348 0.0519 
38x38x100 614484 15.4321 0.0752 58.8 0.2045 21.3122 0.1476 0.008 0.0148 
40x40x100 679124 15.438 0.0382 58.43 0.6293 21.3406 0.1333 0.0172 0.0293 
42x42x120 894916 15.4436 0.0363 58.45 0.0342 21.3662 0.1200 0.0188 0.0295 





3.2 Centrifugal microfluidic-based viscometer [89] 
Viscosity of the fluid is one of the key indicators in chemical and biological 
studies to represent fluidic conditions. However, commercially available 
viscometers are often expensive and time consuming to analyze large samples. 
Here, a centrifugal microfluidic viscometer based on Poiseuille law was 
developed and its performance with samples with four different glucose 
concentrations was demonstrated. 
 
3.2.1 Introduction 
Viscosity measurement technology has been of great interest for researchers in 
both academia and industry to investigate rheological properties of a fluid. For 
biomedical research, in particular, viscosity measurement plays a critical role 
in patient monitoring as blood visosity can be altered by various factors 
including glucose levels [90], haematocrit, erythrocyte deformability, pH, and 
etc. [91]. Commercially available viscometers (e.g. Cone and plate viscometer 
and capillary viscometer), however, are often highly expensive and time 
consuming to analyze large samples. In order to provide rapid, accurate, and 
cost effective method, microfluidic system has emerged as an alternative 
analytical tool for measuring viscosities [92].   
Recently, Kang et al. has developed an integrated microfluidic viscometer 
based on Poiseuille flow Eq. (3.2.1) and demonstrated its capability to measure 
relative viscosity of the sample fluid [93, 94]. 
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 P RQD =  (3.2.1) 
where ∆P is the pressure drop, R is the fluidic resistance, and Q is the flow rate 
of the sample fluid. 
However, chip-based microfluidic system also has a limitation of using 
large external pumping device in which pumping efficiency is highly dependent 
on fluid types and may drop with the fluid that has low shear rate.  
Centrifugal microfluidic system, on the other hand, is a compact device 
that operates by an embedded rotor generating rotational forces to pump 
samples with high efficiency. In this study, the design criteria that has been used 
previously [93, 94] was applied to centrifugal microfluidic system and the 
possibility of its application has been demonstrated. 
 
3.2.2 Materials and Methods 
Rotating device integrated with disk platform, DC motor, and speed controller 
(Fig.3.2.1) based on pulse width modulation (PWM) technique has been 
developed to regulate rotational forces and pumping velocity of the sample. 
Microfluidic chip made of polydimethylsiloxane (PDMS) comprises four 
identical structures and each has two loading chambers, 140 resistance channels, 
and a waste chamber. 
For the experiment, four blue colored glucose solutions with different 
concentrations (0, 5, 10, and 20%) and one red colored distilled water for 
reference fluid were prepared.  
Under assumptions that the fluidic resistance (R) is proportional to 
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viscosity (μ) and pressure drop (∆P) in centrifugal microfluidics is proportional 
to density (ρ), the relationship between viscosity of the sample (μspl) and that of 
the reference(μref) described by Kang et al.[93, 94] is modified into the 
following equation (Fig. 3.2.2): 
 N Qspl spl spl ref
N Qref ref ref spl
m r
m r
=  (3.2.2) 
where Nspl and Nref are the number of resistance channels filled with the sample 
and reference fluid respectively and Q is a volumetric flowrate. Considering 
that the average velocity, U generated in centrifugal microfluidic system is 






can act as a constant. 
 
3.2.3 Results 
At 700 RPM with 5μl samples at each loading chamber, the higher the viscosity 
is, the greater the number of resistance channels is filled up with the sample 
(Fig. 3.2.3), demonstrating that Eq (3.2.2) can be properly applied to centrifugal 
microfluidics for viscosity measurement 
 
3.2.4 Discussion 
Unlike microfluidic system in which flow can be entirely regulated by external 
syringe pump, interplay of a number of influential factors including centrifugal 
force, density, viscosity, and fluid-surface interfaces determine flow 
characteristics in centrifugal microfluidic system. Therefore, the relationship 
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described in Eq. (3.2.2) could be too simplified to attain high reproducibility. 
However, the resultant fluid pattern obtained in accordance with the proposed 
relationship suggests that improved design criteria based on careful 
considerations on influential factors and their individual power of impacts 
could enhance the performance.  
Moreover, pressure drop variations in centrifugal microfluidic system as 
the fluid from inlet propels to outlet and the level of fluid in inlet decreases 
could be another issue of concern for improvement of the performance [22]. 
Positioning of the resistance channels before negative pressure becomes 
effective and retain the effect of positive pressure-driven flow may improve 
precisions of the result.  
Continuous monitoring of the flow generated in centrifugal microfluidic 
system should be particularly beneficial for precise investigation of the 
operation. However, observing the flow process that takes place in rotating 
platform is very challenging and requires a high speed camera which is highly 
expensive. Development of simple and maintainable method for monitoring 
rotating microchannels may play an important role in understanding fluid flow 
fundamentals in centrifugal microfluidic system and its reliable applications.  
 
3.2.5 Conclusion 
For future work, chip design needs to be optimized based on a strong theoretical 
basis and validation through systematic experiments to achieve better 
reproducibility and eventually to achieve successful performance with non-













Fig. 3.2.1 Centrifugal microfluidic system for measuring viscosity of the 
sample. Photogragh of the control device with circular microfluidic chip on 





Fig. 3.2.2 Modified relationship between viscosity of the sample (μspl) and that 















Fig. 3.2.3 (A) Experimental results with four different glucose concentrations. 
(B-E) Enlarged view of the image (B) for 0, 5, 10, and 20% glucose solutions 
(Blue) with reference fluid (Red) respectively. Yellow dotted line indicates a 





3.3 Hypergravity-induced multicellular spheroid generation 
[95] 
In living tissue, cells exist in three-dimensional (3D) microenvironments with 
intricate cell-cell interactions. To model such cellular environment, various 
techniques for generating cell spheroids have been proposed and improved 
continually. However, previously reported methods still have limitations on the 
levels of uniformity, reproducibility, scalability, through-put, etc. Here, a 
centrifugal microfluidic-based spheroid (CMS) formation method for 
generating co-culture as well as mono-culture 3D spheroid in highly controlled 
manner was presented. Circularly arrayed microwells were designed to allow 
even distribution of cells introduced at the center of a rotating platform and to 
provide identical hypergravity conditions at each well by centrifugal forces 
generated. Compared to the conventional well plate-based spheroid (WPS) 
formation method, CMS formation method significantly promotes sphericity 
and consistency for both size and shape with high production yields. In addition 
to mono-culture spheroids, co-culture spheroids in concentric, Janus, and 
Sandwich shape using human adipose-derived stem cells (hASC) and human 
lung fibroblasts (MRC-5) were successfully generated, demonstrating 
versatility of CMS formation method. The new method proposed for generating 
3D spheroids is believed to become one of essential technologies in the field of 
3D cell culture systems and is also expected to provide an innovative means to 






Three-dimensional (3D) spheroid cell culture is of great significance for in vitro 
biological studies especially for drug screening and cancer cell research [96]. 
3D cells have important advantages of mimicking complex in vivo environment, 
which have been highly limited by routine means of 2D cell culture [97]. 
Spheroid culture especially has shown dramatic effects in stem cell biology for 
enhancing differentiation and proliferation of mesenchymal stem cells [98-100]. 
However, although existing techniques for 3D spheroid formation (e.g. hanging 
drop technique (HDT) [101], liquid-overlay technique (LOT) [102], 
carboxymethyl cellulose technique (CCT) [103], Bioreactor [104]) have their 
own benefits for example mass production allowed by large bioreactors, there 
are still plenty of room for improvement in terms of handling, regulating 
spheroid size and shape, generating co-culture spheroids, or working with small 
number of cells [105]. Depending on cell types and culture techniques, 
reproducibility and production yield in generating spheroids vary considerably 
probably due to their complex interactions which is still not fully understood 
[106]. For example, in the previous study, LOT which has been turned out to 
be the most suitable technique among other methods including HDT and CCT 
for generating spheroids with primary osteoblasts, fibroblasts, and endothelial 
cells, has large variations in rate of yield and in size from 60 to 100% and 400 
µm to 700 µm respectively [106]. 
Motivated by HDT which is based on the cell sedimentation at an air-liquid 
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interface under the force of Earth’s gravity (1G) and the discovery that cells 
tend to form aggregates under either short term [107] or long term hypergravity 
conditions [108], a novel method, centrifugal microfluidic-based spheroid 
(CMS) formation method, was demonstrated for rapid and easy formation of 
3D spheroids by promoting cell aggregation and compactness with continuous 
hypergravity conditions generated by the centrifugal force. 
Centrifugal microfluidic system also referred to as lab-on-a-CD has been 
primarily utilized for biomedical applications such as immunoassay, DNA 
microarray hybridization assay, colormetric assays for detecting biochemical 
markers, and nucleic acid amplification (PCR) assay, allowing multiple 
laboratory procedures (e.g. mixing, valving, sample splitting) to be processed 
in one single device by making good use of channel designs and rotating forces 
to manipulate fluids. Such integrating technique and efficient fluid control 
capabilities have recently guided to a number of blood analysis systems that are 
fully automated [109] and  substantially simplified with all-in-one design 
[110], demonstrating considerable advancements of centrifugal microfluidic 
system in point-of-care diagnostics [111]. Development of several cell based 
assays for biological research has been also attempted by this CD-based system 
such as cell lysis and cell viability assays, but cell research in this area is 
relatively unexplored [112]. To the best of the knowledge, the proposed method 
is the first versatile CD-based spheroid generation method. For evaluating CMS 
formation method, rotating device composed of DC motor, rotating platform, 
and speed controller was developed. The device made of aluminum was small 
in size (100 x 100 x 150 mm) and light in weight (~860 g), achieving portability. 
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The speed controller developed for regulating a rotational speed in a range from 
200 to 4500 RPM, which corresponds to G-force range from 1 G to 521 G at 
each circularly arrayed microwell, was integrated. By CMS formation method, 
both mono- and co-culture spheroids were successfully generated with high 
production yields using human adipose-derived stem cells (hASC) and human 
lung fibroblasts (MCR-5) both of which are primary interests especially in drug 
screening based on their 3D spheroid models to investigate therapeutic 
responses [113-116]. With the sequential co-culture process, concentric, Janus, 
and Sandwich spheroid were successfully created with cell-cell interfaces 
between the two different cells. The results show that centrifugal microfluidic 
technology has a potential to provide a new solution for generating co-culture 
spheroids of two or more cell types as well as mono-culture spheroids in 
controlled manner in terms of size, shape, and cell position and may extend its 
usage in 3D organoid study in which environmental cues are essential key to 
successful recapitulation of human organs [117]. In recent studies, hypergravity 
stimulation has been turned out to be a vital physical cue that can significantly 
improve osteogenic differentiation of mesenchymal stem cells [118] and 
neuronal differentiation [119] as well. Moreover, in addition to chemical, 
mechanical, or such physical cues, co-culture can also significantly promote 
structural and functional differentiation and therefore has a crucial role in 
organoid development [120]. Considering that CMS culture system is capable 
of creating various types of co-culture spheroids in different structural forms 
(concentric, Janus, and sandwich types) providing hypergravity stimulations at 
the same time, synergistic effects on organoid culture can be expected with the 
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proposed method by regulating cellular positioning in a controlled manner and 
by creating appropriate physical environment. 
 
3.3.2 Materials and Methods 
Centrifugal microfluidic system development  
A centrifugal microfluidic system composed of a rotating platform, a DC motor 
(MB-4385E, Nurielectricity Inc., Gu-mi, Republic of Korea), and a speed 
controller was developed for the experiment (Fig. 3.3.1A and Fig. 3.3.8). The 
rotating platform on the top was designed to integrate poly(dimethylsiloxane) 
(PDMS) spheroid culture substrate fabricated by replica molding technique 
[121] and the speed controller was developed to regulate the rotational speed of 
the motor from 200 to 4500 RPM by applying a proportional-integral-derivative 
(PID) algorithm with pulse width modulation (PWM) technique [122] (Fig. 
3.3.9). 
 
PDMS substrate design and fabrication 
Two types of PDMS spheroid culture substrate were fabricated; one for CMS 
formation experiment and the other for a comparative study with conventional 
well plate-based spheroid (WPS) formation method (Fig. 3.3.1). The former 
substrate is a PDMS disk with radius of 6 cm where top and bottom layers are 
reversibly sealed with four fixation screws in order to extract spheroids at the 
end of the procedure by opening the top layer. The bottom layer contains a 
hundred 400ｘ400 µm microwells circularly arrayed with each well at the same 
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radial distance from the rotating axis in order to allow even distribution of cells 
introduced through conically penetrated inlet at the center of the top layer and 
to provide identical hypergravity conditions at each well by centrifugal forces 
generated. The barrier wall at the bottom of the conical inlet was designed to 
block cell suspension at first and to prevent its dispersion outward when it 
initially introduced so that cells can be evenly distributed as the platform starts 
to rotate. Dimensions of the substrate is specified in Fig. 3.3.10. The latter 
substrate is also made of PDMS and is composed of only a bottom layer where 
hundreds of 400ｘ400 μm cylindrical microwells are arrayed at an interval of 
0.8 mm. 
 
Cell culture, staining, and live/dead assay 
Human adipose-derived stem cells (hASC) (PCS-500-011, ATCC, VA, USA) 
and MRC-5 human lung fibroblasts (CCL-171, ATCC) were cultured at 36.5°C 
in 5% CO2 atmosphere in Dulbecco’s Modified Eagle’s Medium (DMEM, 
ATCC 30-2002, ATCC) supplemented with 10% fetal bovine serum (FBS, 
ATCC-SCRR-30-2020, ATCC) and 1% Antibiotic-Antimycotic (Gibco 15240-
062, Thermo Fisher Scientific, Waltham, MA, USA). 
MRC-5 cells were stained with CellTracker Red CMTPX (10 mM, 
Thermo Fisher Scientific), and hASC were stained with CellTracker Green 
CMFDA (10 mM, Thermo Fisher Scientific) for 30 min before seeded in the 
spheroid culture substrate for both CMS and WPS formation method. 
To analyze cell vitality, live and dead staining was performed using 
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LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells (L3224, 
Invitrogen, Carlsbad, CA, USA) by following the manufacture’s protocol. 
 
Mono-culture spheroid formation 
For CMS formation, 4% pluronic F-127 solution (9003-11-6, Sigma Aldrich, 
St. Louis, MO, USA) which prevents cell attachment, was initially introduced 
through the inlet port (Fig. 3.3.1A) while the platform rotates so that the 
solution disperses evenly onto the entire surface of the PDMS spheroid culture 
substrate by the rotational forces generated. For 1 min, the rotational speed was 
set at high (~4000 RPM) in order for the coating solution to completely flow 
into each microwell by removing micro bubbles caught inside. The spheroid 
culture substrate was then incubated overnight at 36.5°C in 5% CO2 atmosphere. 
Afterward, the pluronic solution was washed thoroughly out with DMEM. Then, 
2.5 mL of DMEM was introduced to fill the interior space of the CMS substrate 
and 200 µL of cell suspensions, containing 5ｘ105 cells for hASC or 8ｘ105 
cells for MRC-5, were added through the inlet port. Different cell numbers by 
cell types were determined considering different cell sizes in which single cell 
of hASC is about 1.5 times larger than that of MRC-5. The platform was then 
rotated at 3000 RPM for 1 min, allowing cells to evenly distributed and trapped 
into the outermost walls of each microwell by the centrifugal force generated 
(Fig. 3.3.2A). Two different rotational speeds of 1000 and 2000 RPM, which 
result in approximately 26 and 103 G force [Eq. (3.3.1)] applied to cell clusters 







rG w=  (3.3.1) 
where r is a radial distance of each microwell from the rotating center in [m], 
which is 0.23 m in the substrate design, and ω is angular velocity in [rad/s]. 
For conventional WPS formation method, PDMS surfaces containing 
hundreds of cylindrical microwells were also coated with pluronic copolymer 
solution overnight, followed by introduction of 500 µL aliquots of cell 
suspensions containing 5ｘ106 cells for hASC or 9ｘ106 cells for MRC-5 to 
allow approximately 5000 cells/well (Fig. 3.3.2B). Spheroids were formed and 
cultured at 37°C in 5% CO2 atmosphere under Earth’s gravitational force (1 G) 
up to Day3. 
 
Co-culture spheroid formation 
By means of CMS formation method, concentric, Janus, and Sandwich type of 
spheroids were successfully created by sequential seeding procedure with 
different time intervals; short time interval (3 min) for concentric spheroids and 
relatively long time interval (3 h) for Janus and Sandwich spheroids. Co-culture 
spheroids were created under hypergravity conditions of 103 G. However, for 
Janus or Sandwich, different number of cells might be required depending on 
the cell type in order to create half-and-half shared or equally layered spheroid, 
considering their different cell sizes. For example, in order to create Janus 
spheroids with hASC and MRC-5, 2.5ｘ105 cells for hASC, of which the single 
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cell size is approximately 1.5 times larger than that of MRC-5, were first 
introduced into the CMS culture substrate and rotated at assigned RPMs, 
followed by introduction of 4.0ｘ105 cells for MRC-5 after 3 h. The procedure 
for creating co-culture spheroids are summarized in Table 3.3.1. 
 
Morphological and statistical analysis 
Sphericity and size of the spheroids were measured through image processing 
of two dimensional fluorescent images (CKX41, OLYMPUS, Japan) based on 
the sphericity measurement technique suggested by Cho et al. [123]. 
Fluorescent images were converted into binary images to find outlines of each 
spheroid, which was then used to determine maximum inner circle radius (RMAX, 
IN) and minimum outer circle radius (RMIN, OUT) for estimating sphericity by their 
ratio and size by their mean (Fig. 3.3.11). Image processing and collecting data 
for sphericity and size were processed by Matlab software R2013b (The 
Mathworks Inc, Natick, MA). Outliers at 0.05 significance level were removed 
from the data analysis. The Kruskal-Wallis H test, a rank-based nonparametric 
test, was used to determine significant differences among the sphericity, the size, 
and their standard deviations resulted by three different independent variables, 
cell type, G force level, and time duration. For the comparison among standard 
deviations, a non-parametric Levene’s test was used to verify the equality of 
variances in samples. All statistical tests were processed by SPSS 17.0 for 




3.3.3 Results and Discussion 
Time lapse images from 5 min to Day3 were taken in order to evaluate process 
of spheroid formation by both CMS and WPS formation method. CMS culture 
substrate has its unique design feature of the barrier wall (Fig. 3.3.1A) that 
allows cells to uniformly spread into microwells placed at outer edge; until the 
platform starts to rotate, the cell suspension introduced at the conical inlet is 
confined by the barrier permitting pipetting or gentle rotation to avoid 
precipitation of cells and to allow their even distribution right before spreading 
by the rapid rotation (Step 4, Fig. 3.3.2A). Then, cell suspensions were simply 
pipetted up and down to re-suspend cells (Step 5), but if the procedure of 
varying rotational speed with precise control to re-suspend cells by gentle 
rotation and to activate the spread by rapid rotation is implemented, entire 
process can be possibly automated and its effectiveness can be further improved. 
Another unique feature of the CMS culture substrate is the slanted edge (see 
Fig. 3.3.1A) at the top layer which prevents cells escaping from the well during 
media exchange through pores surrounding the inlet. Unlike WPS formation 
method, once cells were properly distributed in CMS culture substrate, cell 
aggregates situated at each microwell appeared to have reversed U-shape 
immediately after their settlements and the shape gradually changed into 
spherical (Fig. 3.3.3) Afterward, the size of the spheroids created by the both 
methods gradually decreased over time as their compactness improved. 
CMS formation method showed superiority over WPS formation method 
as the sphericity increased with CMS formation method while decreased with 
WPS formation method over time (Fig. 3.3.4 and Fig. 3.3.12). Comparing last 
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three time durations, 24 h (Day1), 48 h (Day2), and 72 h (Day3), mean 
sphericity was significantly greater with CMS formation method compared to 
WPS formation method for both cell types (Fig. 3.3.5). However, sphericity of 
the spheroids created by CMS formation method also started to decline at either 
Day2 or Day3, and such effect has appeared more distinctively at higher 
hypergravity condition. For both cell types, sphericity under 103 G became 
significantly inferior to that under 26 G, at Day2 for hASC and at Day3 for 
MRC-5 respectively, suggesting that hypergravity condition less than 103 G 
might be needed to retain high sphericity in 48 h. Shape consistency of the 
spheroids determined by standard deviations of the sphericity measurement was 
significantly enhanced by CMS formation method compared WPS formation 
method at 24 h and Day2, but such effects disappeared at Day3 for both cell 
types as standard deviations of the spheroids cultured by CMS formation 
method get larger to the level of those by WPS formation method (Fig. 3.3.5A), 
suggesting that long term culture may be inappropriate to retain shape 
consistency. 
Degree of size reduction was significantly greater with WPS formation 
method compared to CMS formation method despite of the same well sizes 
designed for both WPS and CMS formation method and different densities of 
cell suspension were chosen by the two methods and cell types. Moreover, 
while both cell types experienced similar size reduction by CMS formation 
method, MRC-5 apparently experienced greater size reduction than hASC by 
WPS formation method, suggesting that CMS formation method might be more 
appropriate for size control in spheroids generation compared to the 
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conventional method. The significant difference of size generated between 
WPS formation method and CMS formation method may be associated with 
hypergravity conditions known to facilitate cell growth [108]. Cell aggregation 
with enhanced cell proliferation can create sufficient size of spheroids even 
with small number of cells avaliable, which was one of major limitations for 
creating spheroids with rare cell types such as cancer stem cells or primary stem 
cells [105]. The level of hypergravity conditions also had effects on size but 
only for MRC-5. While sizes created by 26 G and 103 G were similar for hASC, 
those were different for MRC-5 as its spheroids created under the higher G 
environment were significantly smaller than those created under the lower G 
environment, demonstrating that effects of hypergravity condition can differ by 
cell types. Size consistency, which can be estimated by its standard deviations, 
was significantly improved by increasing the level of hypergravity conditions. 
Spheroids created under 103 G had more uniform size compared to those 
created under 26 G and to WPS formation method (Fig. 3.3.5B), suggesting that 
the level of hypergravity conditions has positive effects on size consistency. 
Above-mentioned results show that CMS formation method has 
advantages over the conventional WPS formation method for creating 
spheroids in terms of shape reproducibility, size control, and uniformity. It also 
may have potential benefits for dealing with rare cell types by utilizing 
hypergravity conditions to facilitate cell proliferations simultaneously while 
creating spheroids. However, to achieve optimum shape and size while 
attaining high consistency, hypergravity conditions need to be properly tuned 
by cell types. 
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Another advantages of CMS formation method over WPS formation 
method is that the production yield reaches to 100 % (Fig. 3.3.13) without cell 
waste, and therefore much less numbers of cells were needed for generating 
comparable size of the spheroids with CMS formation method to those with 
WPS formation method. Cylindrical shape of well-arrays for WPS formation 
method has structural limitations of having spaces between each well even with 
their tight arrangement, on which cells can deposit instead of entering into the 
wells during cell seeding procedure. Even if the identical cell suspension 
density per well was taken into consideration in the experiment, spheroids 
created by WPS formation method turned out to have much smaller sizes once 
they start to aggregate at 4 h, which can be attributed to the cell loss (Fig. 3.3.4 
and Fig. 3.3.5). 
Spheroids created by CMS formation method were carried in long term 
culture under continuous hypergravity conditions to validate cell viability, 
which resulted in most (>99%) live cells at seven days of culture (Fig. 3.3.14). 
Such result demonstrates that CMS formation method creates spheroids with 
no perceptible damage. 
Versatility of CMS formation method has been also demonstrated by 
generating co-culture spheroids of various shapes including concentric, Janus 
(Fig. 3.3.6), and Sandwich (Fig. 3.3.7) with different sequential seeding 
procedure (Table 3.3.1). For concentric spheroids, two different cells needed to 
be sequentially introduced in a short time interval since once the initial cell 
suspension composed of single cell type evenly spreads into each microwell 
and settles within reversed U-shape due to centrifugal force applied, another 
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cell type introduced shortly can place at the sunken area shown at the central 
part of the reversed U-shaped cell aggregation (Fig. 3.3.3). For Janus spheroids, 
on the other hand, the time interval for the sequential seeding should be longer 
since the reversed U-shape needs to be filled up by its retraction over time in 
order to allow another cell type introduced afterward to be occupied the bottom 
half. With 24 h of culture, concentric and Janus type of spheroids composed of 
hASC and MRC5s were successfully created (Fig. 3.3.6). Sequential seeding 
procedure in three steps created three different cell layers like a sandwich (Fig. 
3.3.7), demonstrating possibility to further enhance its versatility. 
Spheroid model particularly plays a significant role in drug testing and 
cancer research [124, 125], where evaluation of different proliferative and 
metabolic responses depending on cell types is primarily important to develop 
new anti-cancer drugs. However, issues have been raised in terms of 
reproducibility due to discrepancy among previously reported experimental 
data especially in cancer research where drug screening using spheroid model 
is one of the major part in the field [126]. For the possible source of such 
variability, the recent study suggested that morphological parameters including 
spheroid volume and shape can be one of the most influential factors [127]. In 
this regard, CMS formation method may provide an essential solution as the 
experimental results have shown its excellent performance for creating 
spheroids with high sphericity and enhancing consistency of the spheroids in 
terms of both size and shape. 
For biomedical research particularly for drug discovery, achieving high 
productivity is also an essential part of work [128]. In this aspect of view, CMS 
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formation method is potentially beneficial. Design modifications to the bottom 
layer of the cell culture substrate to contain more microwells in which cells are 
seated can increase the number of spheroid generated while maintaining 100 % 
of production yield without cell loss. For example, the simplest modification 
might be reducing well size or increasing radius of the microwell position. 
addition of microwells at inner side can be considered as well sparsely enough 
to deliver cell suspensions to the outermost microwells. Stacking multiple 
substrates can be another solution. With such stacking up method, production 
yield can be increased 10 to 100 fold compared to the present design. Moreover, 
CMS formation method can considerably reduce laboratory work as it 
integrates functions of centrifugation, which is also necessary procedures for 
Aggrewell system either to remove bubbles or to generate clusters within the 
microwells [129]. Therefore, such integration can improve work efficiency and 
provide synergetic effects on the production rate. 
CMS formation method has shown its capability of generating co-culture 
spheroids, which should be highly beneficial for advanced study especially in 
synthetic biology where the mechanism behind cell-cell interactions between 
different cell populations is of great interest [130]. Moreover, considering that 
human tissues are involved in complex cellular interactions within various cell 
types, 3D co-culture model would better recapitulate in-vivo microenvironment 
and their interactions may vary by different surroundings depending on their 
individual characteristics of the cell types. Indeed, during the experiment of 
generating co-culture spheroid, distinctive feature of MRC-5 could be observed 
when co-cultured with hASC. During the sequential seeding procedure 
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regardless of seeding order, whether MRC-5 was seeded prior to hASC or the 
opposite, MRC-5 tended to penetrate into inner side of the hASC, which can be 
highly relevant to their individual motility characteristics [131, 132]. Such 
motility difference between hASC and MRC-5 could be the reason for 
imperfect shape of co-culture models such that MRC-5 was likely to form larger 
proportion than hASC. For future work, this research can be extended to 
studying cell physiology under different levels of hypergravity conditions more 
in depth by applying different cell types not limited to MRC-5 or hASC. 
 
3.3.4 Conclusion 
A new method for rapid and efficient generation of 3D spheroids using a 
centrifugal microfluidic system was presented, demonstrating new potentials of 
the centrifugal microfluidic technologies for the future applications in 3D 
spheroid formation. Compared to conventional WPS formation method, CMS 
formation method resulted in better performance in terms shape reproducibility, 
uniformity, size control, and production yield by permitting even distribution 
of cells into each microwell without cell loss with the aid of centrifugal force 
generated. Versatility of the method was also demonstrated by successfully 
creating co-culture spheroids in different forms including concentric, Janus, and 
Sandwich within 24 h. Considering that conventional organoid culture has been 
generally limited to simple mixture of different cell types in co-culture models, 
the ability to precisely control cell positioning in spheroids by exquisitely 
stacking different cell types could take on new roles in organoid research by 
allowing potentially unique morphological features. Achieving co-culture as 
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well as mono-culture with CMS formation method, the proposed method is 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 3.3.4 Sphericity and size change over time. Spheroids formation 
process for (A) hASC and (B) MRC-5 by CMS formation method with two 
different centrifugal forces creating hypergravity conditions of 26 G and 103 
G respectively and WPS formation method was examined. Change tendencies 
for sphericity and size were similar for both hypergravity conditions, while 
those for WPS formation method were different from them as sphericity 
decreases with WPS formation method but increases with CMS formation 
method over time. Degree of the size reduction due to cell aggregation was 
much higher with WPS formation method compared to CMS formation 
method. 
(A) hASC 










































































































































































































































































































































































































































































































































































































































































































Fig. 3.3.6 Janus and concentric spheroid. hASC (green) and MRC-5 (red) 
were co-cultured by CMS formation method. Sequential seeding of each cell 
type in 3min and 2 h interval created spheroids in (A) concentric shape by 
enclosing one cell type by the other and (B) Janus shape by the two cell types 
equally sharing the spheroid to have two distinct parts respectively. Scale bar 







Fig. 3.3.7 Sandwich spheroid. (A) The schematic illustration for creating 
sandwich shape co-culture model by CMS formation method with the 
sequential seeding procedure in three different time steps of 3 h intervals. 
hASC (green) and MRC-5 (red) were accumulated one by one to have three 
distinct parts. (B) Actual appearance of sandwich spheroid after 12 h of 







Fig. 3.3.8 Real feature of centrifugal microfluidic-based spheroid (CMS) 




Fig. 3.3.9 Motor controller development by encoding proportional-integral-
derivative (PID) algorithm based on pulse width modulation (PWM) 
technique into microcontroller unit (Atmega128, Atmel Co.). PWM 
modulated digital signal from microcontroller is transferred to H-bridge motor 
driver (DRV 8842, Texas Instrument) which is necessary to determine the 
direction of the motor rotation and finally transferred to motor power line. 
Feedback pulses from encoder installed in motor into microcontroller were 
counted to calculate current rotational speed and to apply PID algorithm that 
adjusts the speed to the target speed. Speed regulation was visualized by 
Labview program (National Instruments, Austin, Texas) and confirmed its 











































































































































































































































































































































































































Table 3.3.1 Summary of sequential seeding procedure for co-culture spheroid 
by CMS formation method. Resultant feature of co-culture models can be seen 
in Fig. 3.3.6 and Fig. 3.3.7. 
 hASC MRC-5 Time interval 
Concentric 2.5ｘ105 cells 4.0ｘ105 cells 3 min 
Janus  2.5ｘ105 cells 4.0ｘ105 cells 3 h 





3.4 A study on adipose-derived stem cells adaptions to 
hypergravity environment [133] 
Most biological studies have been limited to investigation of cellular responses 
under 1[G] environment assuming that human cells are adapted to Earth’s 
gravitational force (G). However, considering that the culture environment (e.g. 
scaffold, uniaxial strain) greatly influences cell growth and differentiation 
particularly for stem cells, a study of cell behavior under different G 
environment may provide new perspectives in biomedical research. In this 
aspect of view, centrifugal fluidic system is one of the most appropriate 
biological tools to use for the described study as it is capable of generating wide 
ranges of artificial gravitational forces by controlling either rotational speed or 
channel geometries. For the experiment, human adipose-derived stem cells 
(hASCs) which are one of the promising types of stem cells in regenerative 
medicine was chosen. Under 86[G], cell morphology, proliferation, and gene 
expressions were quantitatively analyzed to characterize the effects of different 
G environment on the behavior of hASCs.  
 
3.4.1 Introduction 
Although human body can be exposed to diverse levels of acceleration other 
than Earth’s gravitational force (1G) in their daily lives, most biological studies 
have been limited to investigation of cellular responses under 1[G] environment. 
Riding accelerated automobiles or roller coaster in an amusement park, for 
example, accompany physiological influences such as rise in heart rate [134]. 
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Astronauts riding on a space shuttle, in particular, experience excessive 
acceleration up to 4G during space launch, which causes sudden disperse of 
blood away from brain to lose consciousness for the person who are not trained 
for high G condition [135]. However, these are all temporary changes by short 
term exposure to hypergravity, which might be different from the change by 
long term adaptations. For the long term adaptations, microgravity effects are 
well known compared to the hypergravity effects as spaceflight duration 
generally lasts for several days to months. According to National Space 
Biomedical Research Institute (NSBRI), once the astronauts reach to the space 
and begin to adapt to the life of weightlessness, they experience critical changes 
in their body systems including puffy face and smaller leg due to body fluid 
redistribution [136] and weakening of bones and muscles due to significant 
decrease in loading [137].  In case of human cardiovascular system 
responsible for adequate circulation of oxygenated blood throughout the entire 
body, the size of heart gets smaller since strength of blood pulling toward brain 
against Earth’s gravitational force is no longer necessary in the state of zero 
gravity and therefore the heart does not have to work as hard as it was used to 
be [138], meaning adaptation to different G environment may create different 
physiological characteristics. 
In previous research, a number of hypergravity experiments have been 
carried out using conventional centrifuge. However, they mostly attempted to 
provide short term hypergravity effects or could not properly replicate different 
G environment in vitro. A. Tschopp et al. has evaluated hypergravity effects on 
cell proliferation with five different cells (Hela cells, fibroblast, SGS-3 cells, 
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FBU 3b, and lymphocytes) during 48 hours exposure to 10[G], which resulted 
in an enhancement of cell growth while no morphological change has been 
found [139]. W. Hertl et al. also investigated cellular responses with kidney 
cells under high gravitational forces, but with shear stress generated due to cell 
culture plate positioned parallel to the rotating arm [140]. Recently, neuronal 
cells and mesenchymal stem cells were investigated with 1 and 3 hours 
hypergravity treatments respectively using the same centrifuge system 
composed of four large rotating arms [118, 119]. In addition, endothelial cells 
have been another cell type that is extensively explored under hypergravity 
condition, but the experimental results largely conflicts to each other due to 
inconsistent protocols used for the stimulation [141]. 
For the experiment, a portable centrifugal cell culture system (Fig. 3.4.1A) 
that is able to provide gravity conditions such that the force acts upright was 
developed [142]. Using this experimental platform, cellular adaptation has been 
investigated with human adipose-derived stem cells (hASCs), which has great 
potentials for use in regenerative medicine [143], considering that stem cells, 
which are not yet functional cell types and undergo environmental cue-
dependent differentiation [144-146], could be the most suitable subject to study 
cell adaptations to different G environments. hASCs were continuously 
exposed to the defined G force during their whole transition from growth to 
differentiation. Cell morphology, proliferation, and gene expressions were 
analyzed under 86 [G] and compared with such parameters resulted from 1 [G] 
culture to quantitatively characterize the effects of the different G environments 




3.4.2 Materials and Methods 
Cell culture 
hASC (PCS-500-011, ATCC, VA, USA) was cultured at 36.5°C in 5% CO2 
atmosphere in Dulbecco’s Modified Eagle’s Medium (DMEM, ATCC 30-2002, 
ATCC) supplemented with 10% fetal bovine serum (FBS, ATCC-SCRR-30-
2020, ATCC) and 1% Antibiotic-Antimycotic (Gibco 15240-062, Thermo 
Fisher Scientific, Waltham, MA, USA). Chondrogenesis was induced to when 
hASC confluency reached to greater than 90% using 
Chondrocyte Differentiation Tool (PCS-500-051, ATCC, VA, USA). 
 
PDMS/glass chip fabrication and preparation 
A single polydimethylsiloxane (PDMS) rectangular channel (10mm in length, 
4mm in width, and 4mm in height) was replicated from a plastic master made 
by 3-dimensional printer (3D Edison, Lokit, Korea) using replica molding 
technique [147]. The channel was then bonded to a cover glass by an oxygen 
plasma treatment. 
Two holes for inlet and outlet respectively at each end of the channel were 
bored to pass through side edges (Fig. 3.4.2) in order to prevent leakage of 
media inside the channel when the glass surface is vertically placed at the 
centrifugal system for the hypergravity experiment.  
The glass surface was then coated with 4% gelatin in Dulbecco’s Modified 
Eagle Medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10 % fetal 
１４８ 
 
bovine serum (FBS) and 5 μg/mL of 0.5% Gentamicine (PCS-999-025, ATCC, 
VA, USA) and Penicilline (PCS-999-002, ATCC, VA, USA) to seed the cell. 
The PDMS/glass chip was incubated at 37 C° and 5% 2CO  for 24 hours for 
the cell attachment prior to hypergravity experiment.  
 
Centrifugal fluidic system development 
A mini centrifugal fluidic system that can be operated inside the incubator was 
developed for hypergravity experiment. The rotating platform on the top was 
mechanically coupled with 24V DC encoder motor and a speed controller was 
developed to regulate the rotational speed of the motor from 200 to 5000 RPM 
constantly by applying a proportional-integral-derivative (PID) algorithm with 
pulse width modulation (PWM) technique (Fig. 3.3.9). The design feature of 
the rotating platform allows to perform the experiment under two different G 
environments at the same time as it has eighteen slots to contain PDMS/glass 
chips, six at inner and the rest at outer tracks (Fig. 3.4.3). 
 
Hypergravity experiment 
For the hypergravity experiment, hASCs were continuously exposed to the 
defined G environments during their whole transition from growth to 
differentiation by operating centrifugal fluidic system for 20 days, the first 10 
days for growth and the other 10 days for differentiation. In order to observe 
growth change under different G environments, 1000 cells per each 
PDMS/glass chip were seeded to achieve confluency about 80~90% at day 10. 
For the first day of seeding (Day 0), all chips including control groups were 
１４９ 
 
incubated at 37 C° and 5% 2CO  for 24 hours with the glass surface at the 
bottom to allow cells to attach. At Day 1, the chips for hypergravity experiment 
were flipped to place the glass surface vertically upright and were arranged 
around the slots in the rotating platform in a way that the glass surface faces 
radially outward in order to provide proper upright gravity conditions such that 
Earth’s gravity acts upon the living organisms. Control groups, on the other 
hand, were kept in the incubator without flipping and therefore hASCs in 
control groups were grown under 1[G] environment. The centrifugal fluidic 
system containing the PDMS/ glass chips was placed in the incubator with its 
speed controller equipped outside (Fig. 3.4.1B). The change of cell morphology 
and proliferation at a specific G environment defined by the rotational speed 
and the radial distance of each slot from the rotating axis have been observed 
during 10 days. At Day 10, chondrogenic differentiation was induced and gene 
expression has been monitored.  
 
Viability and cytoskeletal analysis 
Cell viability and actin filament structures were consistently monitored by 
staining with Live/Dead Viability/Cytotoxicity Kit, for mammalian cells 
(Invitrogen, Cat. #L-3224) and ActinGreen 488 Ready Probes Reagent 
(Invitrogen, Cat. R37110) respectively by following the manufacture’s protocol. 
 
Cell count 
In order to examine cell proliferation, cell numbers during first 10 days of 
hypergravity experiment was measured by manually marking red dots on phase 
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contrast images (10x) of cells and processed with ImageJ software to 
automatically count the red dots (Fig. 3.4.4). 
 
Oil red O staining 
At Day 20, cell differentiation was assessed by safranin O staining (Sciencell, 
Cat. 8348) by following the manufacture’s protocol. 
 
3.4.3 Results 
With phase contrast images, it was difficult to discern morphogical changes 
between control groups and hASCs grown under hypergravity condition of 86 
[G] (Fig. 3.4.5). However, F-actin staining has shown cytoskeletal changes 
which would accompany morphological changes. Actin synthesis has been 
significantly increased by Day 10 with the hypergravity condition compared to 
control groups, which may affect differentiation process [148]. Under 
hypergravity condition, areas of cell body became larger and F-actin staining 
also became brighter compared to control groups which could be due to 
flattening of the cell body by upright gravity forces (Fig. 3.4.6). 
Growth rate has been significantly increased with hypergravity conditions 
compared to control groups (Table 3.4.1). 
The number of oil droplet-filled cells was greater with hypergravity 
conditions compared to control groups (Fig. 3.4.7), which could be simply due 
to increased proliferation regardless of the level of differentiation. Therefore, 
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SafarinO staining might be inappropriate for quantifying chondrogenic 
differentiation in this study where growth rate is also influenced by the 
environmental cue. However, considering that entire cells expressed orange-red 
colors (Fig. 3.4.7), hypergravity condition does not at least down-regulate 
chondrogenic differentiation.  
 
3.4.4 Discussion 
Morphology and proliferation of hASCs were turned out to be significantly 
altered by long term adaptations to hypergravity conditions. Quantification of 
gene expressions with polymerase chain reaction (PCR) analysis might be 
necessary to quantify chondrogenic differentiation instead of visual 
examination using SafarinO staining since growth rate is also affected by 
hypergravity conditions. As ASCs are abundantly available from readily 
accessible subcutaneous adipose tissue and has multipotent properties 
modulated by mechanical stimuli [143, 149], various mechanical stimulations 
have been applied to study their cellular responses including compressive force 
[150], equiaxial and uniaxial cyclic stretch [151, 152], and cyclic shear stress 
[153, 154]. While those mechanical stimulations were found to down-regulate 
either osteogenic or adipogenic differentiation, the results show that 
hypergravity conditions promote cell growth and seemed not at least down-
regulate chondrogenic differentiation.  
Effects of hypergravity condition on cell proliferation shown in this study 
might be useful in production of antibiotics, drugs, vaccines, and etc. where 
achieving high throughput is essentially necessary. Moreover, considering that 
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multiple types of mechanical stimulations are being used in cell biology 
including stem cell differentiation [155], the centrifugal fluidic system that 
enables hypergravity experiment may become one of important experimental 
platforms in cell research.  
Present research needs to be further advanced by conducting quantitative 
analysis on cell morphology, proliferation, and differentiation under different 
hypergravity conditions, for example with statistical analysis on cell growth, 
cell heights, and gene expressions respectively. 
 
3.4.5 Conclusion 
This study aimed to investigate long term adaptations of hASCs to hypergravity 
conditions by developing a portable centrifugal fluidic system. hASCs were 
continuously exposed to hypergravity conditions of 86 [G] in a vertical 
direction to the cell bodies during their whole transition from growth to 
differentiation. Cell morphology, proliferation, and differentiation were 
qualitatively examined by image analysis. As a result, hypergravity conditions 
turned out to significantly alter cellular behavior of hASCs by flattening the 
cell body, increasing growth rate, and presumably up-regulate chondrogenic 
differentiation. Considering that mechanical stimulation plays an important role 
in studying various types of cell not limited to stem cells, the centrifugal fluidic 
system developed in this study for hypergravity experiment may become one 




Fig. 3.4.1 A portable centrifugal cell culture system. (A) Eighteen slots, six at 
inner and the rest six at outer track to contain PDMS/glass chips. Speed 
controller developed to regulate rotational speed is shown below. (B) 








Fig. 3.4.2 PDMS/glass chip. A top PDMS layer composed of a single 
rectangular channel (10mm in length, 4mm in width, and 4mm in height) was 
bonded to a cover glass by an oxygen plasma treatment. Two holes were 





Fig. 3.4.3 G environments created at each slot. Rotational speed and radial 




Fig. 3.4.4 Image processing for cell count. Red dots were manually marked at 
phase contrast images, which was then processing with ImageJ software to 





Fig. 3.4.5 Phase contrast images of cells. No morphological difference seen in 




Fig. 3.4.6 F-actin filament staining. Actin synthesis seems to significantly 
increased by Day 10 with the high G environment (HG) as F-actin staining 




Fig. 3.4.7 Safranin O staining for chondrogenic differentiation analysis. 
Intensity of red-orange color shows the level of differentiation and it was a lot 
more greater for cells cultured under 86 [G], but it could be attributed to 
facilitated cell growth by hypergravity condition and simply due to more 








Table 3.4.1 Percentage of cell growth was calculated. Twelve PDMS/glass 
chips for control groups and high G environment (HG) respectively were 
examined. Growth rate has been significantly increased with hypergravity 
conditions compared to control groups, and it was the greatest at the first three 
days.  
Control Growth rate HG Growth rate 
 Day1~3 Day3~5 Day1~5  Day1~3 Day3~5 Day1~5
C1 79% -9% 62% R1 72% 79% 209% 
C2 41% -7% 32% R2 122% -5% 110% 
C3 31% -5% 24% R3 140% 7% 156% 
C4 70% 4% 77% R4 48% 86% 175% 
C5 76% 8% 91% R5 69% -2% 66% 
C6 58% -7% 47% R6 85% 56% 189% 
C7 82% 4% 90% R7 79% 7% 93% 
C8 75% 5% 84% R8 111% 20% 153% 
C9 85% -10% 67% R9 127% 46% 231% 
C10 65% -9% 51% R10 66% 27% 112% 
C11 59% -32% 9% R11 66% 49% 147% 
C12 36% 51% 106% R12 152% 44% 264% 
Total 62% -3% 57% Total 91% 28% 146% 






Chapter 4.  
 
 
Conclusion and Perspective 
A centrifugal force-based fluidic system has distinct advantages compared to 
conventional fluidic systems, leading to a number of its biomedical applications. 
Unlike other bulky fluidic systems, centrifugal force-based fluidic system can 
manipulate fluids simply by geometric channel designs and rotational speeds, 
enabling to develop small, light, and compact systems. This dissertation focuses 
on the design, fabrication, evaluation, and application of a centrifugal force-
based fluidic system based on both macro- and micro-engineering disciplines 
to develop the system qualified for either diverse clinical environments or in-
vitro biological experimental setup.  
In Chapter 2.1, the product development process for a portable smart all-
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in-one cardiopulmonary circulatory support device (CCSD) is described. Most 
CCSD currently available in market are bulky and uncomfortable to use 
especially in the intensive care unit (ICU) environment. Accordingly, this study 
aimed to develop a portable and cost-effective smart all-in-one CCSD that is 
capable of interactively and autonomously operating in accord with various 
indications of patients. By integrating all the necessary components including 
core sensor modules for monitoring patient status into one single device, 
prototypes of smart all-in-one CCSD with preliminary performance result of 
pump driver and control unit on a mock circulation loop were presented [27]. 
In Chapter 2.2, evaluation of hemolytic characteristics of centrifugal blood 
pump designed based on computational fluid dynamics (CFD) is described. 
Development of a low hemolytic centrifugal blood pump is a key for providing 
undamaged blood to patients during cardiopulmonary support. Hemolytic 
characteristics of the pump depend on its design, materials, and manufacturing 
processes. Design and manufacturing optimizations encompass very 
challenging problems to achieve low levels of hemolysis. In this study, 
hemolytic characteristics of multiple types of centrifugal blood pumps designed 
based on computational fluid dynamics (CFD) simulation study were evaluated. 
Hemolysis test was performed in accordance with American Society of Testing 
and Materials (ASTM) standards by preparing a circulation loop consisting of 
blood bag, polyvinyl chloride medical tubing, flowmeter, clamp, pressure 
sensors, water bath, and thermometer. 450 mL or 500 mL of fresh blood 
obtained from normal swine was circulated for 6 hours with a flowrate of 5 
L/min at a pressure of 100 mmHg. Normalized indices of hemolysis (NIH) was 
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determined by measuring free hemoglobin in plasma every hour. By 
incorporating pivot bearing, NIH value less than 0.005g/100L which was 
comparable to that of commercial product was able to be stably achieved. 
Developed prototypes for the centrifugal blood pump were also integrated to 
the smart all-in-one CCSD for in-vivo evaluation and the pivot bearing-based 
centrifugal blood pump resulted in promising free plasma hemoglobin 
(freeHGB) measurement during 6 hours of operation comparable to that 
resulted from the commercial product [29]. 
In Chapter 2.3, evaluation of drug sequestration in the extracorporeal 
oxygenation (ECMO) circuit, one of representative model of CCSD, is 
described. The influence of the elements of ECMO circuit on drug sequestration 
was quantified by focusing on the interactions between materials and drugs. 
Tubing of three different brands (Tygon/Maquet/Terumo) and oxygenators of 
two different brands (Maquet/Terumo) were used. Drugs included 
dexmedetomidine, meropenem, and heparin which were dissolved in deionized 
water. Tubing was cut into ~7 cm sections and allowed drug solutions enclosed 
inside by clamping both ends. The oxygenator housing, gas membrane, and heat 
exchanger were dissected into ~1 g pieces and submerged into drug solutions. 
The experimental samples were then immersed in a water bath at 37°C for 1, 6, 
12, and 24 h. After 24 h, the dexmedetomidine concentration was significantly 
reduced in all three types of tubing (<30.1%), the oxygenator heat exchanger 
from Maquet Inc. (41.8%), and the gas exchanger from Terumo Inc. (8.6%), 
while no significant losses were found for meropenem and heparin compared 
to the control group. The heparin concentration within the Maquet gas 
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exchanger, on the other hand, increased significantly compared to the control 
group at 1 and 12 h (p<0.05). The in-vitro study reveals that material selection 
is a vital part of ECMO development [43]. 
In Chapter 3.1, simulation study on fluid flow in rotating microchannel by 
Coriolis force is described. The Coriolis force has been of great interest to 
control the transversal flow that is critical for mixing or switching fluids in 
centrifugal microfluidics. Therefore, the variation in the Coriolis effect has 
been extensively investigated by varying the rotational speeds and the cross-
sectional geometry of microchannels. However, the subject of such 
investigations has been limited to radially positioned microchannels even 
though channels can lie everywhere on the rotating platform with different 
arrangements. In this study, we use numerical methods to investigate the 
Coriolis effect resulting from the angular alignment (AA) and radial 
displacement (RD) of rotating microchannels. The analysis focuses on 
determining the contribution that different channel arrangements have in the 
deviation of parabolic velocity profiles, which is generally produced by the 
effective Coriolis force. We found that the flow can deviate even at a low 
rotational speed, where the Coriolis force is negligible, with an AA of up to 33% 
which is a sufficient amount for flow switching. Once the rotational speed 
reaches to the critical RPM, the flow deviates by an effective Coriolis force, but 
the deviation systematically varies with AA or RD. As the Coriolis force 
becomes more dominant with a high rotational speed, the deviation reaches a 
saturation point while flow rate is regulated by AA or RD, enabling the flow 
rate to remain low even at very high RPM, without reducing the deviation. The 
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variation in the Coriolis effect due to the different channel arrangements 
investigated in this study is believed to provide an essential basis to design and 
develop centrifugal microfluidic systems [68]. 
In Chapter 3.2, development of centrifugal force-based viscometer is 
described. Viscosity of the fluid is one of the key indicators in chemical and 
biological studies to represent fluidic conditions. However, commercially 
available viscometers are often expensive and time consuming to analyze large 
samples. Here, we developed a centrifugal microfluidic viscometer based on 
Poiseuille law and demonstrated its performance with samples with four 
different glucose concentrations [89]. 
In Chapter 3.3, development of centrifugal force-based cell spheroid 
formation method is described. In living tissue, cells exist in three-dimensional 
(3D) microenvironments with intricate cell-cell interactions. To model such 
cellular environment, various techniques for generating cell spheroids have 
been proposed and improved continually. However, previously reported 
methods still have limitations on the levels of uniformity, reproducibility, 
scalability, through-put, etc. Here, we present a centrifugal microfluidic-based 
spheroid (CMS) formation method for generating co-culture as well as mono-
culture 3D spheroid in highly controlled manner. Circularly arrayed microwells 
were designed to allow even distribution of cells introduced at the center of a 
rotating platform and to provide identical hypergravity conditions at each well 
by centrifugal forces generated. Compared to the conventional well plate-based 
spheroid (WPS) formation method, CMS formation method significantly 
promotes sphericity and consistency for both size and shape with high 
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production yields. In addition to mono-culture spheroids, we successfully 
generated co-culture spheroids in concentric, Janus, and Sandwich shape using 
human adipose-derived stem cells (hASC) and human lung fibroblasts (MRC-
5), demonstrating versatility of CMS formation method. The new method 
proposed for generating 3D spheroids is believed to become one of essential 
technologies in the field of 3D cell culture systems and we are also expecting 
to provide an innovative means to assess cellular responses including cell 
motilities in different hypergravity conditions [95]. 
In Chapter 3.4, study on cellular adaptation to hypergravity environment 
using centrifugal force-based platform is described. Most biological studies 
have been limited to investigation of cellular responses under 1[G] environment 
assuming that human cells are adapted to Earth’s gravitational force (G). 
However, considering that the culture environment (e.g. scaffold, uniaxial 
strain) greatly influences cell growth and differentiation particularly for stem 
cells, a study of cell behavior under different G environment may provide new 
perspectives in biomedical research. In this aspect of view, centrifugal fluidic 
system is one of the most appropriate biological tools to use for the described 
study as it is capable of generating wide ranges of artificial gravitational forces 
by controlling either rotational speed or channel geometries. For the experiment, 
we have chosen human adipose-derived stem cells (hASCs) which are one of 
the promising types of stem cells in regenerative medicine. Under 86[G], cell 
morphology, proliferation, and gene expressions were quantitatively analyzed 




Described system development and evaluations are believed to become a 
key foundation for a wide range of centrifugal force-based biomedical 
applications for example to develop fully integrated and automated CCSD 
unsusceptible to pharmacokinetic variations, to develop small sample 
viscometer, to synthetic biology, to organoid study, to drug testing using high 
quality of mono- and co-culture spheroids generated based on CMS formation 
method, to study biological adaptations of multiple cell types to hypergravity 
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Abstract in Korean 
국문 초록 
본 논문은 원심력 기반 유체 시스템의 생물의학적 응용에 관한 
연구를 목적으로 매크로 및 마이크로 기술을 접목하여 낮은 용혈성 
원심혈액 펌프 기반의 심폐순환보조장치, 고중력 기반의 
세포배양장치와 세포 스페로이드 생성 장치, 그리고 소체적 
점도계에 대한 설계, 제작, 성능평가 등을 포함하는 단계적인 
개발을 수행하였다.  
매크로 단위 연구로는 핵심 모니터링 센서들이 하나의 
시스템으로 결합될 수 있는 스마트 올인원 형태의 
심폐순환보조장치를 개발하고 더블 피봇베어링 디자인을 통해 낮은 
용혈성 원심혈액펌프를 개발할 수 있었다. 동물실험을 통해 
통합시스템에 장착한 원심혈액펌프의 체내 성능을 살펴 본 결과 
6시간 동안 기술적 문제 없이 정상돼지에 적용 될 수 있었고 
혈액적합성 코팅을 통해 혈액 응고 및 용혈 측면에서 매우 향상된 
결과를 얻을 수 있었다. 이와 더불어 상용화 체외막산소화 제품의 
재료에 따른 항생제, 진정제, 그리고 항응고제에 대한 약물 흡착 
차이를 분석해 본 결과 폴리비닐클로라이드 재질로 이루어진 
튜빙과 폴리우레탄 섬유질로 제작된 산화기의 열교환 맴브레인이 
약물흡착에 가장 주원인으로 작용하고 있음을 밝혀낼 수 있었다.  
마이크로 단위 연구로는 채널 배치에 따른 코리올리 효과의 
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영향력을 수치해석을 통해 살펴보았다. 그 결과 채널의 각도가 
존재할 경우 낮은 회전 속도에서도 유체의 흐름 방향을 변환할 수 
있을 정도로 충분히 유체를 측면으로 밀어내는 코리올리 효과를 
발생시킬 수 있으며 높은 회전속도에서는 코리올리 효과를 
유지하면서 채널 배치에 따라 유체흐름 속도를 효과적으로 제어할 
수 있음을 확인하였다. 이와 같이 수치해석을 통한 
원심미세유체역학에 대한 이해를 바탕으로 응용연구를 수행하기 
위해서 소형 회전장치를 제작하였다. 다수의 저항 채널을 포함하는 
부채꼴 모양의 채널 디자인을 통해 서로 다른 점성을 가지고 있는 
유체가 푸와죄유 원리에 따라 서로 다른 개수의 저항채널에 
채워짐으로써 점성의 상대적 측정이 가능함을 확인하였다. 원형으로 
배치된 100여개의 마이크로 웰 디자인을 통해 원심력 기반 세포 
스페로이드 생성장치를 개발하였고 기존 방법에 비해 스페로이드 
구형도 및 크기와 모양의 일관성을 상당히 향상시킬 수 있음을 
확인하였다. 또한 고중력 하에서 세포 배양이 가능하도록 
세포배양칩을 끼워 넣을 수 있는 회전 플랫폼을 제작하여 고중력 
환경에서의 지방 줄기세포 적응 연구를 수행하였다. 그 결과 세포 
증식이 향상되는 것을 확인할 수 있었다.  
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